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A B S T R A C T
A general survey of the reaction of electrophiles with 
mono-oLefins and conjugated dienes has led to the realization 
that in certain cases, si^stitution may take place concurrently 
with addition. This is thought to be important in the under­
standing of the mechanism of this class of reaction especially 
as to the nature of the intermediate. Therefore, the additions 
of hydrogen chloride and of chlorine to a simple unsymmetrical 
conjugated diene, penta-1,3-diene^were studied under suitable 
conditions. The products of these reactions were investigated, 
identified and characterised as far as possible, particularly 
by using vapour phase chromatography.
The only product detected from hydrochlorination of 
penta-1,3-diene was 4-chloro-pent-2-ene formed by 1,2-and
1,4-addition. The chlorination of penta-1,3-diene, with the 
hydrocarbon in excess, gave three monochlorides and two 
dichlorides; when technical penta-1,3-diene was used, 1,2- 
dichlorocyclopentane was also found to be present because of 
the presence of cyclopentene as an impurity. The 
monochlorides obtained were shown to be 4-chloro-pent-2-ene,
1-chloro-penta-1,3-diene, and 5-chloro-penta-1,3-diene. The 
dichlorides were probably 1,2-dichloro-pent-3-ene and 1,4- 
dichloro-pent-2-ene. The product distribution was found to 
be depend on the temperature of the reaction, the solvent, 
and the relative concentration of reactants.
These results were interpretable in terms of the existing
theories of the probable reaction mechanism. A stepwise 
reaction with an allylic carbonium ion intermediate were 
thought to be involved in both substitution and addition. 
Evidence is presented that free-radical mechanisms are not 
involved.
In the addition of hydrogen chloride to penta-1,3-diene, 
the initial addition of the proton was at the end of the dienic 
chain, thus forming a carbonium ion; this was followed by 
addition of chloride anion to the 2 and 4 carbon atoms to give 
the product. In chlorination, the carbonium ion resulting 
from the electrophilic attack of the chlorine cation followed 
two pathways: (a) loss of a proton to give substitution 
products: two of the monochlorides (1-chloro-penta-1,3-diene 
and 5-chloro-penta-1,3-diene); (b) addition of chloride anion 
to give the two dichlorides. The presence of 4-chloro-pent-2- 
ene in the chlorination product was probably due to the reaction 
of penta-1,3-diene with hydrogen chloride which was formed 
during the reaction.
The reference compounds, namely, 4-chloro-pent-2-ene,
1-chloro-penta-1,3-diene, 5-chloro-penta-1,3-diene and 
4-chloro-pent-1-ene were all prepared by independent methods 
in a sufficiently pure state for comparison.
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1 . INTRODUCTION
Organic chemistry is now often defined as the chemistry 
of carbon-containing compounds. The special role played by 
the carbon atom in forming so many compounds depends on its 
electronic configuration. Carbon atom has two electrons in 
the K shell and four electrons in the L shell. In the normal 
state, the two electrons in the K shell are in the Is orbital; 
of the four electrons in the L shell, two are in the s orbital 
and the remaining two in the 2p orbital. These four electrons 
are called valency electrons because they are responsible for 
the formation of valence bonds between one carbon atom and 
another atom. A carbon atom can form bonds with an other 
atom only by sharing its valency electrons to give a covalent 
bond. A single bond between a carbon atom and another atom 
X is built up of one valency electron from each atom concerned. 
The two electrons forming the bond are shared by the two 
nuclei. The atom X can be another carbon atom or any other 
atom capable of sharing its valency electron with carbon; 
for example, hydrogen. When four hydrogen atoms combine with 
one carbon atom by forming four single bonds, the molecule 
CH^ is formed. In the methane molecule, the carbon atom 
shares each electron in its L shell with one hydrogen atom 
while the hydrogen atom contributes its single electron of 
the s orbital in the formation of one covalent bond. There 
are in total eight electrons taking part in these four bonds. 
The hydrocarbon methane is considered to be saturated because
1 2
Similarly, a bond can be formed between two carbon atoms when 
each carbon atom contributes one of its sp^ hybrid orbitals 
to a shared orbital. This describes the chemical bondings 
essential to compounds of the alkane family.
In contrast to the saturated hydrocarbons, there is the
family of alkenes or olefins which are said to be unsaturated
because these compounds can undergo addition reactions easily.
The alkenes contain carbon atoms which are not attached to the
maximum number of hydrogen atoms. Instead, two valence
electrons from each of any two neighbouring carbon atoms
constitute a double bond between them. In the double bond,
a total of four electrons are involved. Molecular orbital
theory describes the simplest alkene (ethylene,C^H^) in the
following terms. The s orbital and two of the p o.ubitals of
each carbon atom undergo trigonal hybridisation to give six 
2
sp orbitals in all. The trigonal hybrid atomic orbitals of 
each carbon atom are coplanar and are directed towards the 
apices of an equilateral triangle with an angle of 120  ^
between them. The hybridised molecular orbitals contain the 
(T electrons; one pair forms a a  bond between the two carbon 
atoms and the remaining form four Cf bonds with hydrogen atoms. 
This accounts for ten of the valency electrons of the atoms 
building up the molecule. The two unhybridised p orbitals 
from each carbon atom are distributed symmetrically about axes 
perpendicular to the molecular plane above and below. These, 
when parallel to each other, form a molecular Jl-oribtal; 
and overlap extensively. Pilled with the remaining two 
electrons, they form the second bonding between
1 3
the carbon atoms. This is called theJT bond. A double bond 
between two carbon atoms therefore consists of one ^  -and 
one JT -bond. The JT bond confers on the double bond to which 
it belongs a marked resistance to torsion. Consequently, the 
freedom of rotation is lost and geometric isomerism becomes 
an important character of hydrocarbons containing double bonds,
There is another class of hydrocarbons, the alkynes; 
which contain a different kind of bonding between two carbon 
atoms, namely, the triple bond. In the molecule of acetylene, 
CgHg, one s and one p orbital of the valency electrons of 
each carbon atom undergo digonal hybridisation to give four 
linear sp orbitals, two of which (one from each carbon atom)
overlap to give the usual cr bonding; the remaining two sp
orbitals bond to the two hydrogen atoms resulting in a 
linear molecule. Again the two unhybridised p orbitals of 
each carbon atom overlap and form two JT orbitals which 
envelop the linear molecule cylindricallv and hold the 
remaining four electrons. In short, a triple bond C=C in the
alkyne is made up of one a  bond and two JT bonds.
Overlapping of the jr electrons creates an additional 
attraction between two carbon atoms already bonded with a 
bond. The carbon-carbon double bond is therefore stronger
and shorter than a single bond. A triple bond is stronger 
and shorter still. The lengths of the carbon-carbon single, 
double and triple bonds are found to be 1.54 A, 1.33 A,
1.20 A respectively. These bond lengths vary very little
1 4
from compound to compound. That deviation from these 
values of bond lengths are rare indicates that they are 
characteristic of the bonding and to a good approximation, 
independent of its environment. The electron clouds of the 
more mobile JT electrons are chemically reactive especially 
towards electron-seeking or electrophilic reagents.
In olefins which contain two or more double bonds 
separated by one single bond, the properties of the double 
bond become modified. The concept of conjugation has been 
introduced to account for this. Special properties of 
conjugated double bonds in hydrocarbon are reflected in the 
example of buta-1,3-diene. The molecule is represented by 
the conventional formula, CH2=CH-CH=CH2. But in actual fact, 
the central bond between carbon 2 and 3 has a bond distance
o o
of 1.46 A (compare with 1.54 A for normal single bond, C-C,
o
and 1.33 A for normal double bond 0=C) which is intermediate 
between a double and a single bond. The two terminal bonds 
(designated as double bonds in the formula) are 1.35 A, 
slightly longer than an isolated double bond. This suggests 
that the true bondings of the molecule are neither single nor 
double, but have something of an intermediate character. The 
shortening of the central bond should give to the bond some
double bond character; in particular, it should restrict 
rotation about the central bond. The conjugated molecule 
should tend to retain a planar configuration and this has 
been verified by various techniques, including x-ray
1 s
diffraction and electron diffraction. Two configurations
about this central bonds are then possible; s^cis and s-trans.
yP - 8-cis .0 - c s-trans
// \  ------
HgO
The s-trans configuration is expected to be slightly more 
stable than the s-cis; the difference in energy estimated 
from the barrier heights restricting rotation t: (s c about
1.5 kcal/mole.
Thermochemical data also shows that buta-1,3-diens has 
lower energy content than dienes with non-conjugated double 
bonds. For example, the heats of hydrogenation of penta-1, 
4-diene and hexa-1,5-diene are 60.8 and 60.5 kcal/mole 
respectively, values which are almost twice the average heat 
of hydrogenation of mono-olefin. The corresponding value for 
buta-1,3-diene is only 57.1 kcal/mole. The difference,
3.5 kcal/mole, is called the energy of stabilization or 
resonance energy. This extra stability is thought to be 
derived from the many stable resonance structures which 
contribute to represent the true state of the conjugated 
molecule. The true state is a hybrid of all these structures; 
in the un-conjugated compounds, resonance of this kind of 
structures are not able to contribute. Stabilization energies 
within the range of 2-6 kcal/mole have been found for other 
conjugated dienes from heats of hydrogenation. For example, 
the value of 4.2 kcal/mole has been assigned to penta-1, 
3-diene.
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2.1 ADDITION REACTION OF OLEFINIC COMPOUNDS
The addition reactions of olefins have received much 
attention in the study of organic chemistry. It is necessary 
to mention at this point that there are two different kinds 
of reactions between an olefin and a halogen or hydrogen halide. 
In certain reactions, especially those initiated by peroxides 
or by light, radical and chain reactions take place; the 
consequences of this kind of reaction have been understood as 
follows ;
Taking the example of the reaction of hydrogen bromide 
on propylene, the following three stages are involved:^
(1) Chain initiation: A free bromine atom is produced from 
hydrogen bromide by a quantum of light, thus:
H“ + Br° _(i)
(2) Chain propagation: The bromine atom initiates the 
addition on the olefin to give a carbon radical, thus :
CH^-CHzzCHg + Br > CH^-CH-CH^Br (ii)
This carbon radical then reacts with a molecule of hydrogen 
bromide, abstracting hydrogen and leaving a further bromine 
atom, thus:
CH^-CH-CHgBr + HBr CH^-CH^-CH^Br + Br" (iii) 
These two reactions then continue as a recurrent chain process 
until side reactions destroy either of the active radicals.
1. M.S. Kharasch, series of papers in J.A.C.S. 1933, 1934.
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(3) Chain termination: The active radicals may be destroyed 
in pairs by mutual collision or by reactions with other mole­
cules (inhibitors) which either combine with the radicals or 
replace an active radical by one of low energy content. This 
stops the chain reaction altogether. For example, oxygen is 
found to be an effective radical inhibitor in the chlorination 
of cyclohexene\ A catalytic trace of peroxide can also 
provide a source of free radicals in the following fashion,
RO-OR ---- > 2R0"
RO' + HBr ---- > Br" + ROH
In this example, the product of hydrobromination of 
propylene is n-propyl bromide. This orientation is contrary 
to Markownikoff’s rule (which will be discussed in the next 
section) and has been called abnormal addition.
For the cases of hydrogen fluoride and hydrogen chloride, 
it has been shown by thermochemical calculations of heat of 
reaction, that the second step of chain propagation 
(RGH-CH^X + HX) is endothermie and requires so high an 
activation energy that its occurrence is improbable. For 
hydrogen iodide, on the other hand, the first step of the
chain propagation is endothermie and relative inactive iodine
2
atoms may be produced.
1. M.L. Poutsma, J.A.C.S. 1965, 87:2161
2. F.R. Mayo and C. Walling, Chem. Review, 1940,27,375
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A similar calculation on hydrogen bromide shows that the
first step of the chain propagation (ii) is exothermic, and
that for the second step (iii) the heat of reaction is zero.
This explains the uniqueness of hydrogen bromide in its
ability to sustain radical chain reactions of this kind.
Under certain conditions halogens are known to give
atomic species which react in a similar fashion toward olefins.
Usually activation by radiation or initiators of free radicals
is required for this kind of chain reaction to take place
1
between olefin and halogens.
In this thesis, we are especially concerned with reactions 
in which light is excluded and free radical inhibitors are 
present. The reactions can be described as thermal additions; 
they involve heterolytic process, and ionic or dipolar 
intermediates.
The jT electron system of the double bond provides a source 
of electrons which react with electron deficient species or 
with electrophilic reagents. Those electrophilic reagents can 
either be cations or molecules which can be polarised in a way
such that an electron deficient centre exists in the molecule.
^
X - Y or X  Y
The reaction is initiated by the attachment of the 
electrophilic reagents to the electron-rich alkene at the 
position where the density of electrons is highest, giving 
rise to a carbonium ion.
1. S.V. Anatakrishnan, R. Venkataraman, Chem. Review, 1943,33:27
There is evidence of various kinds in the literature 
leading to the belief that the thermal additions of halogens 
and hydrogen halides are first initiated by an electrophilic 
attack.
(1) From orientation.
20
1
(a) In the addition of iodine chloride, the more positive
negatively polarised carl 
CH^ -CH(Cl)-CHoI 69^
2
iodine attaches itself to the rbon atom.
OH^-CHzzCHg + ICI -> 3 -'2 
L CH^-CH(I)-CH2C1 31/0
(b) In the addition of hydrogen chloride to propylene 
the positive proton adds to the more negative end of the 
double bond. The methyl group is electron repelling and the 
molecule propylene is thus slightly polarised.
CH^->CH=CH2 > CH^-CH=CHg + H'^ Cl ---> CH^-CH-CHg
Cl H
This orientation of addition of hydrogen chloride to an
unsymmetrical carbon-carbon double bond has been found to be
general for alkyl substituted olefins and for unsaturated
compounds containing other substituents. The empirical rule
•3
proposed by Markownikoff*^ in predicting the product of 
hydrohalogenation of olefin was probably drawn as a conclusion 
from these experimental observations. It was stated in the 
rule that the negative portion of the reagent adds onto the
1. G. Williams, Trans. Faraday Soc., 1941,37:749
2. C.K. Ingold and H.G. Smith, J.C.S., 1931:2742
3. W. Markownikoff, Ann., 1870,153:256
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carbon which is linked to the least number of hydrogen atoms.
This rule can be explained on the ground that a methyl or
other alkyl group attracts the electrons it shares with another
carbon atom (i.e. in an cr bond) less strongly than does a
1
hydrogen atom in its place. Therefore, relative to a
hydrogen atom, an alkyl group repels the shared electrons.
The result is that some polarisation of the double bond occurs,
from a displacement of the JT electrons to the other carbon
atom. The consequence of this is an electromeric shift of the
JT electrons, so that the more hydrogenated carbon atom will
more readily become the nucleophilic one and hence will be
the point of attack by the electrophilic proton.
(2) From rates of reaction.
(a) The relative rates of bromination of olefins show
that this reaction is accelerated by the presence of electron-
repelling groups in the olefin molecule and retarded by
2electron-attracting groups. Ingold, from a series of
competitive brominations using pairs of substituted ethylenes,
came to the conclusion that substituents such as CH^ and C^ H^ -3 o 5
favour addition of bromine, whilst substituents such as Br 
and CO^H inhibit the reaction.
1. J. Packer and J. Vaughan, modern Approach to Organic 
Chemistry", Oxford University Press, 1958, Ch. III.
2. C.K. Ingold, J.C.S., 1931 : 2354.
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The effect of an actual charge on the molecule on the 
rate of bromination also supports the same theory. A 
negatively charged ion (e.g., CH2=CH-C00“’) was found to be 
more reactive than the undissociated acid, CH2=CH-C00H.^
When a reactive unsaturated group is part of a positive ion as 
in R^ÿ-CH2-CH=CH-NR^ , no addition of bromine takes place.^
(b) For hydrogen halides, an indirect piece of 
experimental evidence has led to establishment of the 
electrophilic character of hydrochlorination.^ Kinetic 
studies of the reaction of gaseous hydrogen chloride with 
cyclohexene and with other olefins showed that the addition 
is very much slower in solvents such as ether or dioxane than 
in heptane. The explanation given was that the oxygen atom, 
(in ether or any other oxygen-containing solvent) possesses 
lone pair of electrons which coordinate with the electrophilic 
hydrogen and hence retards the reaction.
These lines of argument lead to the conclusion that 
addition of hydrogen halides and of halogens to olefins is 
electrophilic in nature.
Other reagents which can react as electrophiles have been 
found to add to alkenes in a similar manner. For example, the
1. P.W. Robertson, N.T. Clare, K.J. McNaught, G.W. Paul, 
J.C.S., 1937:335;
I.K. Walker, P.W. Robertson, J.C.S., 1939:1515*
2. C.K. Ingold, E.H. Ingold, J.C.S., 1931:2354;
C.K. Ingold, E. Rothstein, J.C.S., 1931:1666.
3* G.F. Hennion, S.F. O’Connor, L.H. Baldinger, R.R. Vogt, 
J.A.C.S., 1939,61:1454.
2.3 MECHANISM OF ADDITION OF HALOGEN TO ALKENES.
The electrophilic addition has been thought to follow a 
stepwise mechanism. There are at least two steps in the course 
of reaction from reactants to products. Experimental evidence 
given by previous workers include the following points.^
(1) When halogénation of an olefin takes place in a 
medium which can supply anions, these anions can often attach 
themselves to one carbon atom of the double bond. For example, 
when ethylene is treated with bromine water containing sodium 
chloride, iodide or nitrate, the products include BrCH^-CHgCl, 
BrCHg-CH^I, or BrCH2-CH2N02 , respectively as well as 
BrOHg-CHgBrJ
(2) trans-Dihalides have often been obtained from the 
additions of halogens on unsaturated compounds. This result 
indicates that the molecule of halogen does not attach itself 
to both of the carbon atoms of the double bond at the same time, 
and indicates that at least two steps are involved in the 
formation of the trans-compounds.^
There is no detailed mechanism which is generally 
applicable to all the addition reactions so far studied.
Diverse theories have been put forward even in regard to the 
single reaction, the chlorination of olefins, involving a 
variety of possible reaction intermediates and transition
states.
1. G. Williams, Trans. Faraday Soc., 1941>37:749.
2. A.W. Francis, J.A.C.S., 1925, 47:2340.
3. A. McKenzie, J.C.S. 1912:1196
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A detailed review of the kinetics of addition of halogens 
on olefinic compounds has been given by de la Mare.^  The 
kinetic form for most of the brominations studied in water or 
aqueous acetic acid has been found to be 
-dCBr^]/ dt = kg[olefin][Br^]. In acetic acid, at 
concentration of the order M/40, however, the kinetic form 
-d[Brg]/ dt = kgColefinlfBrg] has been observed. Some other 
kinetic forms have been found also ; halide ions can act as 
catalyst for bromination of some olefinic compounds. The 
reaction-rate is highly dependent on solvent and is markedly 
affected by the structure of the olefins. It can be seen from 
the relative rates of addition reaction in acetic acid that 
olefins containing electron-repelling substituents tend to be 
more reactive ; whilst electron-withdrawing substituents tend 
to decrease the reactivity.
Recently, some more kinetic measurements on bromination
2have been made in aqueous and alcoholic solvents. Since the
reaction rates of those systems studied were very fast, an
electrochemical technique was employed. The dependence of
reaction rate on the inductive effect of the substituents was
illustrated by these results. Dubois and his colleagues
3 4derived a semi-quantitative*^’ relationship between
1. P.B.D. de la Mare, Quart. Review (London), 1949, 3:126
2. J.R. Alkinson, R.P. Bell, J.C.S. 1963: 3260
3. J.E. Dubois, E. Golyz, Tetrahedron Letters, 1965:303-308
4. J.E. Dubois, G. Barbier, Tetrahedron Letters, 1965: 1217-
1 2 2 5 .
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reactivity and structure in this reaction from available
experimental data. A linear relation of the form of the
Hammett equation, log k =pcr+ log k^ was shown to be
applicable; here <r is a measure of the inductive effect of the
substituent, p is a proportionality constant depending on the
conditions of the reaction, and k and k_ are the reaction' o
rates of the substituted and unsubstituted compound
respectively. Quite good correlations were obtained after
taking into account the effect of solvent.  ^ Prom kinetic
studies of the same brominations in (a) methanol, (b) water,
and (c) a mixture of water and methanol, they showed that the
solvent effect on the reaction rate is independent of the
nature of the olefin. In other words, the degree to which
solvation influences the rate of reaction is not determined
by the nature of the olefins, but is a property of the
solvent concerned.
The difference in reactivity of the geometric isomers,
(e.g. cis and trans) has also attracted the attention of the
2
same group of workers. For many pairs of isomers studied, 
the cis compounds seem to be more reactive than the trans 
compounds. No satisfactory explanation of this difference 
in reactivity was put forward.
1. J.E. Dubois, G. Barbier, Tetrahédronj Letters, 1965: 
1217-1215.
2. J.E. Dubois, G. Mouvier, Tetrahedron Letters, 1965:
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The observed dependence of reactivity on substituent and 
structure was found to be consistent with the theory that 
electrophilic attack is the rate-determining step in the overall 
addition reaction; electron accession to the double bond 
increases and electron-withdrawing substituents decrease the 
rate of the addition reaction.
Unfortunately, neither the kinetics nor the effect of the 
structure on the rate throws light on the exact nature of the 
intermediates involved. It is generally accepted that the 
intermediate contains a molecule of halogen, but it is not 
known whether the halogen-halogen link in the molecule is 
broken in the first (rate-determining) stage of the process. 
Several structures have been proposed for such intermediates.
(1) The bromonium or chloronium intermediate was
1
suggested to account for exclusive trans-addition.
+
It was assumed that the halogen X"**, being isoelectronic with 
the oxygen family, shows a valence of two and forms a 
structure of the ethylene oxide type. Since the two carbons 
are joined by a single bond and by a halogen bridge, free 
rotation is not expected. The approach of the nucleophile 
is then from the side opposite to the X atom already present 
which give trans adduct only.
1. J. Roberts, G.E. Kimball, J.A.C.S. 1937, 59:947.
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(2) The idea of a JT-complex was later introduced by
Dewar.^ The JT orbital of the olefin is used to form a dative 
bond by interaction with the empty valence orbital of the 
acceptor X**".
X
 ^ JT-complex
If the acceptor X"*" has unshared electrons, these can form a
2 + reverse dative bond to the olefin. The group X is then
attached to the olefin by a double bond composed of two
opposed dative bonds, involving TC orbitals, thus
+
X
This structure differs from the bromonium structure only in 
the state of hybridisation of the olefinic carbon atoms, 
since the bond between them is only partly double.
(3) The classical carbonium ion,
^  I ^
Rg Cl
This is expected to be important in olefins containing 
substituents R^,R2,R2,R^ which are electron repelling and 
11:j;-:; stabilize the carbonium ion. An ion-pair may be 
significant in non-polar solvents in which the dissociating
power of the solvent is low.
1. M.J.S. Dewar, "Electronic Theory of Organic Chemistry", 
Oxford University Press, 1949.
2. M.J.S. Dewar, R.C. Fahey, Angewandte Chemie, Int. Ed. 1964, 
1:245
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(4) Alternative structures for the intermediates involved 
in the product-determining step have been suggested by de la Mare 
and coworkers as follows:^
  O' IZC — - C C
yy
Cl
Cl 1 Cl-
Cl I
Cl
2.4 PRODUCTS OF REACTION.
The most obvious product from addition of halogen to a 
mono-olefin is the saturated dihalide. In some of these 
dihalides, the stereochemistry has been studied in detail: 
both cis-and trans-isomers have been reported. But no general 
conclusion can be drawn relating the mode of addition to the
nature of the olefins. For example, cis-and trans-but-2-ene
2 1 add chlorine exclusively trans, but acenaphthylene, and
4
phenanthrene both give significant amounts of cis-adduct with 
chlorine. In a recent report on the chlorination of cis- and 
trans-l-phenylpropene in different solvents, both cis- and
5
trans- chlorination were shown to take place. The proportion 
of the stereoisomeric dichlorides produced in this reaction 
was found to depend not only on the solvent but also on the 
stereochemistry of the starting hydrocarbon.
1. P.B.D. de la Mare, "Rearrangement of Allylic Compounds" in 
"Molecular Rearrangement", ed. by de Mayo, Interscience,
New York, 1963*
2. M.L. Poutsma, J.A.C.S. 1965, ^:4285.
3. S.J. Cristol, F.R.Sternitz,P.S.Ramey, J.A.C.S. 1956,78:4939
4. P.B.D. de la Mare, Klassen, R. Koenigsberger, J.C.S. 1961:5286
5. R.C. Fahey, C. Schubert, J.A.C.S. 1956, ^:51?2.
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3.1 SUBSTITUTION ACCOMPANYING ADDITION
Products other than saturated dihalides have often been 
reported from the process of chlorination. These may occur as 
major or minor components of the reaction mixture depending 
largely on the olefin itself. Among these products are those 
involving substitution; i.e., one chlorine atom has taken the 
place of a hydrogen atom of the parent hydrocarbon. They are 
unsaturated compounds, often with a shifted double bond, so that 
the skeletal structure of the product is different from the 
starting compound.
When isobutene is chlorinated, the major product obtained 
is an unsaturated monochloride. The composition of the product 
obtained in such a reaction by Burgin et at. was as follows,^ 
CH2=C-CH2C1 (87/0 ; CH^-C=CHC1 (3/0 ; CHj-C(CHj)-CH2Cl (6/) ;
CH^ Cl
and products of secondary reactions:
CHj-0(0Hj)-CHj d/o); ClCHg-CaCHCl (2/0 ; and/or OHg^C-CHgCl
Cl CH^ CHgCl
These workers found also that the percentage of allylic 
chloride in the mixture was independent of the temperature of 
the reaction. In the liquid phase, illumination did not have a 
significant effect on the product ratio-» though in the vapour 
phase, light tended to increase the rate of addition. Even 
large amounts of oxygen had hardly any influence on the products 
All these observations make it improbable that the reaction 
involves free radicals.
1 . J. Burgin, W.Engs, H.PA.Groll, G.Heame, Ind.Chem. .1919.31 :
1413.
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There has been considerable interest shown by Russian 
workers in the fact that hydrogen halides are given off during 
the process of halogénation of some olefins. ' ' It has 
actually been suggested that the amount of hydrogen bromide 
formed in the bromination of a conjugated hydrocarbon could 
serve as a method of detecting quaternary carbon in the molecule, 
and that the degree of unsaturation of the olefin and its 
i structure could be deduced from the quantity of hydrogen bromide 
evolved. These workers included 2,3-dimethyl-buta-1,3-diene,
2,4-dimethyl-penta-1,3-diene and some other substituted dienes 
in studies of the variaiton in HBr/Br^ ratio with structure.
They reported that for those hydrocarbons, the hydrogen bromide 
liberated, expressed as a percentage of the total of bromine 
used, varied from 5/ (for 2,3-dimethyl-buta-1,3-diene) to 50/ 
(for 2,4-dimethyl-penta-1,3-diene).
Taft quoted a number of olefins which gave substitution
4
products when chlorinated. These compounds included but-2-ene, 
tetramethylethylene, propylene, trimethylethylene, 2-methyl- 
butene, as well as some chlorosubstituted olefins such as
1. V.I. Esafov, J. Gen. Chem. (U.S.S.R.) Engl. Translation, 
1949, 19:1063-76; 1952, 21:665.
2. G.D. Galpern, Trudy Inst. Neft. Akad. Nauk. S.S.S.R. 1954,
4:116-30, through C.A. 1955, 49:14305.
3. D.V. Tischenko et al. J. Gen. Chem,(U.S.S.R.),1938,8,1332 
through C.A. 1939,33:4190; J. Gen. Chem.(U.S.S.R.) Engl.
Translation, 1957, 27:253; 1950, ^:563.
4. R.W. Taft, J.A.C.S. 1948, 70:3364
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2-chloro-but-2-ene and 2-chloro~3-methyl-but-2-ene• 
Unfortunately, some of the cases which he discussed may be 
free radical reactions.
Recently, Poutsma carefully studied the chlorination of 
cyclohexene, and of some alkylated ethylenes.^ He pointed out 
that both ionic and free radical reactions are possibly present 
in non-polar solvents especially when light is not excluded and 
radical inhibitor not present. However, under controlled 
condition where the radical reaction is not likely to take place 
(e.g. in a stream of oxygen), cyclohexene was found to give
3-chlorocyclohexene and trans-1,2-dichlorocyclohexane as 
products. As far as substituted ethylenes are concerned,
Poutsma found that olefins which have two alkyl groups on one 
end of the double bond generally give substitution products 
via the ionic pathway rather than via the free radical route.
Another unambiguous example of heterolytic substitution
accompanying addition is the“chlorination of the cis- and
trans- isomers of 2-butene and of 1-phenylpropene in acetic
acid solution in the presence of oxygen. The products were
separated by preparative v.p.c. and their structures were
elucidated by means of n.m.r. Considerable quantities of
2
substitution products were obtained in all cases.
There seems to be much evidence, therefore, to show that 
substitution reactions are not uncommon in the chlorination 
of olefins;
1. M.L. Poutsma, J.A.C.S. 1965,87:2161
2. R.C. Fahey and C. Schubert, J.A.C.S. 1965,87:5172
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the formation of products of this type gives some indication 
of the nature of the intermediates concerned.
3.2 MECHANISM OP THE SUBSTITUTION REACTION
The following are among the explanations which have been 
considered by various workers as to how these substitution 
products are formed.
(1) It has been suggested by Lvov and some other Russian 
workers that the initial reaction is the addition of chlorine 
across the double bond to give a dichloride. This dichloride 
then decomposes into allylic monochloride and hydrogen chloride. 
This route, though a possible one, is by no means always adopted; 
dichlorides formed by addition reactions are not necessarily 
unstable under conditions which lead to substitution. For 
example, in the chlorination of isoprene, (studied by Hawkins 
and Philpot ),1,4-dichloro-2-methyl-but-2-ene and 3,4-dichloro-
3-methyl-but-l-ene as well as 2-chloromethyl-buta-1,3-diene are 
the products. It has been shown in a controlled experiment
that 2-chloromethyl-buta-1,3-diene is not formed by the 
decomposition of the dichlorides.
(2) Hearne and coworkers^ believed that there are two 
reactions taking place simultaneously; (i) addition of chlorine 
to the double bond and (ii) displacement of a hydrogen atom on
the carbon atom cL-to the double bond by a chlorine atom. This
1. Through D.V. Tishchenko, J. Gen. Chem. (U.S.S.R.), Engl. 
Trans. 1950, 20:593 and 931
2. E.G.E. Hawkins, M.D. Philpot, J.C.S. 1962:3204
3. J. Bur gins, W. Engs, H.P.A.Groll,G.Heame, Ifid. Eng. Chem. 
1939, 31:1413
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sequence, though again a possible one, is not generally
3d the
14
1
applicable. Thus, Reeve, Chambers, and Prickett studie
chlorination of isobutene by preparing 2-methyl-l-propene-1-C 
and chlorinated it at O^C. The products were treated with
ozone and the radioactivity of the products of ozonisation
was measured.
* * +0 *
CH.-C=CHp + Clp ----> CH -^C-CHpCl —3—>CH.-C-CHpCl + CHpO
 ^èH3 CHg  ^8
The radioactivity was found to be associated with the chloro-
ketone part. Form this piece of evidence, it could be seen
that the chlorine could not have directly substituted one of
the hydrogen atoms in a methyl group.
(3) Another path for the reaction has been suggested by 
2
Tishchenko. The initial step was considered to be the 
attachment of the positive part of the dissociated chlorine to 
the end of the double bond which had been negatively polarised 
by the inductive effect of the substituents. The liberated 
chloride ion Cl~ then captured and combined with a proton 
from the most highly protonized 6L-carbon atom, giving hydrogen 
chloride and an unsaturated monochloride with shifted double 
bond. A dichloride can be formed when the chloride anion adds 
to the positively polarised end of the double bond. These 
authors assumed that the molecule of addendum is dissociated
after or during the initial electrophilic attack, and that
1. W. Reeve, D.H. Chambers, C.S. Prickett, J.A.C.S. 1952,74:5369
2. D.V.Tischenko et al. J.Gen.Chem.(U.S.S.R.), Engl.Trans.1950, 
20:931.
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the nucleophilic part of the adding reagent is responsible 
for the abstraction of the proton. In their argument, the 
allylic mono-chloride was derived from the deprotonation of 
the d-carbon atom possessing the highest number of protons, 
but the formation of any vinylic chloride was not considered. 
This theory, therefore, does not seem to be satisfactory in 
explaining the result for the chlorination of isobutene where 
a vinylic monochloride as well as an allylic monochloride were 
the products of substitution.
(4) Arnold and Lee investigated the chlorination of 
olefins in which a ring system is attached to one end of the 
double bond.^ In a number of cases, they obtained allylic 
chlorides as substitution products in higher yield than addition 
products. Thus from methylene cyclohexane, they obtained
1-chloromethyl-cyclohexene (40/) and 1-chloromethyl-1- 
chlorocyclohexane (20/). They proposed a transition state 
containing a quasi-six-membered ring. The attachment of 
chlorine to the double bond and the elimination of hydrogen 
chloride were thought to take place simultaneously. It was 
not unreasonable to consider that the chlorination of 
isobutene might proceed by the same mechanism.
1. R.T. Arnold and W.W. Lee, J.A.C.S. 1953, 75,5396
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However, this mechanism explains only the formation of the 
allylic chloride and did not take into account the vinylic one. 
No explanation had been offered as to how a vinylic chloride 
could be derived from the same intermediate and why there 
should be more allylic chloride formed than vinylic chloride 
as in the case of isobutene.
(5) Taft put forward an ionic mechanism in which the 
rate-determining step was considered to be the addition of a 
positive chlorine ion to give a carbonium ion and a negative 
chloride ion.
H R H H R H
\ I I I I I
C=C-C-H + Cl„ --- > H-C-C-C-H + Cl
/  I ^ I + I
H H Cl H
The intermediate carbonium ion was then considered to follow
two different courses rapidly and simultaneously,
H R H H R H
I I I  I I I
(a) Addition: H— C— C— C— H + Cl" ----> H— C— C— C— H
il H Cl il H
H H H H R H
I I I  1 1 1  +
(b) Substitution: H— C— C— C— H --- > H— C— C=C— H + H
I + I I
Cl H 01
Prom the data then available, the ratio of addition to
substitution was shown to be dependent on the number of
hydrogen atoms on the carbon atom in cL-position to the
positively charged carbon of the carbonium ion. For example,
in the case of propylene, where R is hydrogen, there are
altogether five hydrogen atoms on the two carbon atoms which
1. R.W. Taft, Jr. J.A.C.S. 1948, 20:3364
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are situated JL to the positively charged carbon atom. In 
isobutene, where R is CH^, there are three JL carbon atoms to 
which a total of eight hydrogen atoms are attached.
The new double bond was thought to be formed preferentially 
between the carbon bearing the positive charge and the most 
electron rich adjacent carbon (M, in the above example). A 
proton is emitted from the latter. It was argued that the  ^
products formed by the substitution were determined by the 
relative electron densities of the carbon in adjacent to the 
positive carbon and not by the relative acidities of the 
various hydrogen. This assumption was necessary to explain 
the fact that the elimination of a proton from one of the methyl 
groups in the cation from isobutene is preferred to that from 
the chloromethyl group as is shown by the predominance of an 
allylic chloride over the vinylic chloride in the product of 
substitution.
Oh a statistical basis, taking the example of isobutene, if
equal probability should be assigned to each proton which might
be eliminated, then a ratio: of 3:1 should favour the formation
of allylic chloride rather than the vinylic chloride. However,
as seen from the experimental results, the product ratio
exceeds this value (8?:3). This stimulated a new theory
1 2postulated by de la Mare and coworkers; '
1. P.B.D. de la Mare, A. Salama, J.C.S. 1956:3337
2. P.BiD. de la Mare, P. Ballinger, D.L.H. Williams, J.C.S. 
1960:2467
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(6) Two reactions were studied and the product ratio 
compared.
(i) The reaction of hypochlorous acid with isobutene;
(ii) The hydrolysis of 1,2-dichloro-2-methylpropane.
It was found that the chief olefinic by-product in both
reactions was 3-chloro-2~methylpropene.
(CH^)gC=CH^ + HOCl ----> CHg=C-CH^Cl + (CH^)^ C-CH^Cl
CH^ OH
(OH^)gC-OHgCl Hydrolyala,.» CHg=C-CH^Cl + (CH^)gC-CHgCl
Cl CH^ OH
Ample evidence seemed to support the hypothesis that both
reactions proceed through a similar carbonium ionic intermediate
C1 (CH.)gC-OHgCl
4-Pl
(CH3)gO=CHg
From the distribution of the various products, it could be seen 
that the t-carbonium ion had a greater tendency to lose a proton 
from the methyl group than from the chloromethyl group. 
(CH3)gC=CHg + HOCl ----> (CH3)2C-CHgCl <--- (CH3)gC-CHgCl
! Cl
(CH^)gC=CHCl CH^=C-CH^C1 (CH^)^C-CHgCl
CH^ OH
In hydrolysis 6.0/ 10/ 84/
In addition 0.4/ 12/ 87.6/
To account for this result it was suggested that some 
interaction between the chlorine and the positive carbon
centre might be present. This interaction would cause a
40
steric and steri — electronic effect which would diminish loss 
of a proton from the chloromethyl group, and consequently the 
proton would be preferentially eliminated from the methyl group.
A test of the above hypothesis was provided by the addition 
of hypochlorous acid to 2,3-dichloropropene allylically labelled 
with ^^Cl. Substitution products were obtained in the reaction, 
and more vinylically labelled chloride than allylically labelled
i
chloride was formed in the mixture.
1 2  3 +
CH.,=C-CH„C1* CH„-C(C1)-CH„C1*
ri,
2 
I /
1 Cl'
ClCH=CH(Cl)-CHgCl^ and CH^-C=CHC1^
Cl Cl
allylically vinylically
labelled labelled
Obviously, the proton has been eliminated from the 3-carbon 
rather than from the 1- or the 2-carbon. The result supported 
the above suggestion for the structure of the carbonium ion 
intermediate and also indicated that, to a certain extent, in 
the system examined, the olefin-formation was directed by a 
stereochemical factor.
1. P.B.D. de la Mare, P. Ballinger, D.L.H. Williams, J.C.S. 
1960:2467
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4. AROMATIC HYDROCARBONS.
The aromatic hydrocarbons constitute an important class
of unsaturated compounds. In the molecule of benzene, the six
carbon atoms are arranged in a planar hexagonal ring, each
2
carbon has three sp or bonds to its hydrogen and the neighbouring 
carbon atoms; the remaining p-orbitals are delocalized and form 
two clouds of electrons above and below the plane of the ring.
The extra stability of benzene can be ascribed to delocalization 
or resonance energy of these six IT electrons. It is therefore, 
expected that aromatic compounds would act as electron donors 
towards electrophiles.
Indeed, the most common type of reactions involving the 
aromatic ring are electrophilic substitutions, e.g., halogénation 
and nitration. They seem to bear some resemblance to the 
electrophilic addition to alkenes in that a polar stepwise 
process is involved and the intermediate has carbonium ionic 
characterI.
y' )
3
The cationic intermediate has four JT electrons
delocalized over five carbon nuclei, the sixth carbon being
a saturated carbon forming sp^-hybrid bonds. When a proton
is lost from this intermediate, the product of substitution
is generated with considerable regain in stabilization through
1
reformation of the aromatic ring.
1. J.D. Roberts and M.C. Caserio, "Basic Principles of Orgaic 
Chemistry", Benjamin Inc., New York, 1964, Ch. 22.
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In the parallel case of alkenes, when no substantial 
resonance energy can be regained by loss of proton, the 
intermediates have much greater tendency to combine with a 
nucleophilic reagent and complete the addition process.
ÎHg-CHgX + Y"------ > YCHg-CHgX
It is held, therefore, that the general characteristic of
aromatic compounds is that their chief reactions are
substitution rather than additions. In fact, compounds are
sometimes regarded to have higher degree of aromaticity when
the ring systems they contain are more stable and do not so
easily give addition reaction.
On the other hand, some aromatic hydrocarbons may undergo
addition with the reagents which usually add to double bonds
in the alkenes. For example, a rather stable dibromide has
been obtained from bromination of phenanthrene. ^
The demarcation is clearly not a sharp one; and furthermore,
double bonds differ in reactivity according to their environment.
In bromination, for example, the double linkage of
tetrapheny1ethylene remains unattacked and substitution occurs
4
in the four phenyl groups .
1. L.F. Fieser, Chapter on *Aromatic Compounds* in "Organic 
Chemistry", vol.1 ed. by Gilman, John Wiley, New York, 
2nd Ed., 1943.
2. J. van der Linde, E.Havinga, Rec.Tra.Chim., 1965>84:1047
3. P.B.D. de la Mare, R. Koenigsberger, J.C.S. 1961:5285
4. H. Bauer, Ber. 1904, 27-3320
H. Blitz, Ann. 1897, 296:231
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In some other hydrocarbons too, double bonds in conjugation 
with an aromatic ring are extraordinarily inert to electrophiles. 
For example, the double bonds in diphenyl-buta-1,3-diene are 
very inert to hydrogen bromide.  ^ Perhaps, those compounds 
containing highly substituted double bonds in conjugated 
system can acquire some aromatic character.
5.1 CONJUGATED DIENES AND ELECTROPHILES.
The conjugated dienes are expected to react readily with 
electrophiles; the IT electrons, despite their partial 
delocalization, should interact powerfully with electrophilic 
reagents. The reactions are usually so fast that their rates 
are not measurable by conventional methods. This explains why 
no kinetic measurements have been recorded in the literature 
for the reactions between simple aliphatic conjugated dienes 
and strong electrophiles. The products of reaction have, 
however, been much investigated. Below we summarise some of 
the most significant observations in this field.
(a ) Buta-1,3-dieneT
(i) Hydrochlorination.
(a) In acetic acid and in chloroform at temperatures 
between -80^ and 25^, hydrogen chloride adds to 
buta-1,3-diene to give 3-chloro-but-l-ene
(70-80/) and 4-chloro-but-2-ene (20-30/).^
1. F.W. Hinrichsen, Ann., 1904, 336;189
T.H. Zincke, G. Muhlhausen, Ber., 1905, 38:757
2. M.S. Kharasch, J. Kritchevsky, F.R. Mayo, J.O.C. 1937,2:489
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(b) In a solution of hydrogen chloride in concentrated 
hydrochloric acid, at 0°, 3-chloro-but-l-ene (35/) 
and 4-chloro-but-2-ene (65/) are obtained.^
(ii) Bromination.
(a) In solvents such as chloroform and n-hexane, at room
temperature, 1,2-dibromo-but-3-ene, 1,4-dibromo-but-
2-ene and hydrogen bromide are the products of
bromination. It was found that the 1,2-dibromide
rearranges into the 1,4-dibromide on standing and
that the ratio of 1,2-dibromide to 1,4-dibromide
2 1formed is not solvent dependent. *
(b) At -15*^ , in n-hexane, bromination of buta-1,3-diene 
gives 50/ each of 1,2-dibromo-but-3-ene and 1,4- 
dibromo-but-2-ene.  ^ The trans -isomer was found to 
be the only 1,4-dibromide in the reaction mixture.^
(iii) Chlorination.
Liquid phase chlorination of buta-1,3-diene gives 
varying amounts of 1,2-dichloro-but-3-ene and 1,4- 
dichloro-but-2-ene, depending on the condition of 
reaction.
1. A.L. Hearne, F.W. Haekl, J.A.C.S. 1941, 6^:3474
2. E.H. Farmer, G.D. Lawerence, J.F. Thorpe, J.C.S. 1928:729
3. L.F.Hatch,P.D.Gardner,R.E.Gilbert, J.A.C.S. 1959,81 ;5943
4. Ya.M.Slobodin, J.Gen.Chem. (U.S.S.R. ) Engl.^Trans. 195 4,24 : 2 5 3
5. K. Mislow, J.A.C.S. 1953, 75:2512
6. A.N. Pudovik, J.Gen.Chem.(U.S.S.R.) Eng. Trans. 1949,19:1173
7. I.E. Muskat, H.E. Northrup, J.A.C.S. 1930,52:4043
8. K. Mislow, H.M. Heilman, J.A.C.S. 1951, 74:244
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Under conditions not conducive to cis-trans 
isomérisation, the trans isomer of 1,4-dichloro-but-1-
C O -  1
ene was obtained by Mislow and ^ workers. This result 
had been taken as an indication that the transition 
state involved is * terminal * : the attacking reagent 
coordinates with the terminal double bond.
(iv) With hypochlorous acid; l-chloro-but-3-en-2-ol 
and l-chloro-but-2-en-4-ol are obtained. It was 
noted that 2-chloro-but-3-en-l-ol was not found in 
the product mixture. *
(B) Isoprene (2-methyl-buta-1,3-diene).
(i) Hydrochlorination. 2-Chloro-2-methyl-but-3-ene(from
1,2-addition) and 1-chloro-3-methyl-but-2-ene(from
1,4-addition) are obtained. The 1,2-addition product
was found to rearrange into the 1,4-addition product
on heating or when the reaction was catalysed by
S 6hydrogen chloride. *
(ii) Bromination.
(a) In an early experiment, only the 1,4-addition
7
product was reported to be formed in the reaction.
1. K. Mislow, H.M. Heilman, J.A.C.S. 1951, 74:244
2. A.A. Petrov, J. Gen. Chem. (U.S.S.R.), 1938,8:131, through 
C.A. 1938, 22:5369
3. R.G. Kadesch, J.A.C.S. 1946, M:44
4. R.M. Evans, L.N. Owen, J.C.S., 1946:239
5. W.J. Jones, H.W.T. Chorley, J.C.S., 1946:832
6. A.J. Ultee, J.C.S., 1948: 530
7. A.P. Shephard, J.R. Johnson, J.A.C.S., 1932, 54;4385
d 6
(b) At -5^0, in chloroform solution, it was found 
that 3,4-addition product is formed, and this 
isomerises into cis-1,4-dibromo-2-methyl-but-2-ene
at 150*^  and then to trans-1,4-dibromo-2-methyl-but-2- 
ene on further heating.
(c) More recently, in a bromination in carbon
tetrachloride solution, the 1,2-addition product
(1,2-dibromo-2-methyl-but-3~ene) has also been
2
reported to be formed. This 1,2-dibromo compound 
also undergoes allylic rearrangement to the 1,4- 
dibromide. It is worth noting that no mono-bromo 
compound has been reported in the product of 
bromination of isoprene.
(iii) Chlorination.
(a) In an early report, the products of chlorination 
of isoprene in carbon tetrachloride or chloroform 
were recorded to be: a mono-chloride (38/), which 
was wrongly characterised as 1-chloro-2-methyl-buta-
1,3-diene; a 1,4-dichloride (45/), and a lower 
boiling dichloride (6/).^
(b) In later work, the monochloride from the 
chlorination of isoprene was characterised to be 2- 
chloromethyl-buta-1,3-diene. The composition of the 
product from chlorination of isoprene in carbon
1. A.A.Petrov, J.Gen. Chem.(U.S.S.R.), Engl.Trans. 1943,1J;741
2. M.J. Ijams, Thesis, Texas University, 1961
3. H.G. Williams, W.J. Jones, J.C.S., 1934:829
4. D.V.Tishchenko, J.Gen.Chem.(U.S.S.R.) Engl.Trans.1957£7:227
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tetrachloride at -5^ to 10^ was found to be :^
2-chi0rome thy1-but a-1,3-diene 42/;
1.4-dichloro-2-methyl-but-2-ene 44/:
3.4-dichloro-2-methyl-but-l-ene 14/.
(c) At 20^, when chlorine was allowed to pass into a 
solution of isoprene in chloroform, hydrogen chloride 
was produced together with the following products :
2-chi0rome t hy1-but a-1,3-diene, 1,4-dichloro-2-methyl- 
but-l-ene (1,2-addition). With excess of chlorine, 
mixtures of trichloro- and tetrachloro-pentanes were 
formed as products of secondary reactions.
(C) 1-Phenyl-buta-1,3-diene.
(i) Chlorination of 1-phenyl-buta-1,3-diene in the 
liquid state or in solvents (e.g. chloroform) at -80^ 
to 150^ gives hydrogen chloride and 3,4-dichloro-l- 
phenyl-but-l-ene. This dichloride is unstable and 
loses hydrogen chloride easily.^ Bromination of 
1-phenyl-buta-1,3-diene gives similar products.
(ii) Hypochlorous acid adds to 1-phenyl-buta-1,3-diene 
to give mainly a 3,4-addition product in which the 
chlorine adds on the 4-position and the hydroxyl group
4
adds on the 3-position. A certain amount of 1,2- 
addition has also been reported based on the
1. M.J. Ijams. Thesis, Texas University, 1961
2. E.G.E. Hawkins, M.D. Philpot, J.C.S. 1962:3204
3. I.E.Muskat, L.B. Grimsley, J.A.C.S. 1930, 52:1574
4. 0. Grummitt, R.M. Vance, J.A.C.S. 1950, 72:2669
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formation of an 1,2-epoxide. The 1,2-addition 
product was found to be so very unstable that it 
was not isolated.
The halogénation of a number of substituted conjugated 
dienes has been studied by groups of Russian workers. The 
emphasis of their studies has been on the amount of hydrogen 
halides produced and the substitution products formed. The 
compounds investigated included: 2,3-dimethyl~buta-1,3-diene,
2.6-dimethyl-hepta-1,3-diene, 2,4-dimethyl-buta-1,3-diene,
2.6-dimethyl-octa-4,6-diene, 1,1-dimethyl-buta-1,3-diene^ 
arid 2,4-dimethyl-penta-1,3-diene , and 2,5-dimethyl-hexa-2,
4-diene.^
1. V.I. Esafov, J. Applied. Chem. (U.S.S.R.) 1943, 16:283 
through C.A. 1945, 29:476
J. Gen. Chem. (U.S.S.R.), 1947,17:1433 through C.A.1949,^109 
J. Gen. Chem. (U.S.S.R. ), 1949,19:1063 through C.A. 1950,44:1001
2. V.I. Esafov, J. Gen. Chem. (U.S.S.R.) Engl. Trans. 1949,„19:10-57
3. V.I. Esafov, J. Gen. Chem. (U.S.S.R.) Engl. Trans.1952,22:665
4. D.V. Tishchenko, A. Abramova, E. Ya. Yarzhanskaya,
J. Gen. Chem. (U.S.S.R.), Engl. Trans. 1957, 27:253
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5-2 MECHANISM OF ELECTROPHILIC ADDITION TO CONJUGATED DIENES.
The mechanism of electrophilic addition to conjugated 
dienes clearly requires special treatment to account for the 
simultaneous formation of more than one product (e.g. 1,2- 
dibromo-but-3-ene and 1,4-dibromo-but-2-ene from the 
bromination of buta-1,3-diene).
1
A classical theory had been put forward by Thiele at 
the end of the 19th century to explain the formation of
1,4-dibromide from buta-1,3-diene. It was thought that 
single bond would be sufficient to hold two atoms together, 
therefore residual partial valences were present in molecules 
in which atoms were bonded together by double bonds, thus,
C=C or CHo=CH-CH=CHo . It was also suggested that the two
: : : • : :
double bonds in conjugation would be polarised in such a way
that the molecule of buta-1,3-diene become
+  —  +  —  +  —
c=c-ç=ç  - - - - - - > c=c-c=c
: : : : ' ^ :
The partial valences between the two middle carbons mutually
satisfy each other, and the ends of the molecule are therefore
most active, so that 1,4-addition takes place.
CHp-ÇH-ÇHr.ÇHp + B r ^ ---- > CH^-CH-CH-CH^  > CHg-CH=CH-CB
: I  ^  ^ i^v—  ^ I ^ I
Br Br Br ^
However, this explains the 1,4-addition but does not account
for the formation of the 1,2-adduct.
1. J. Thiele, Ann., 1899, 306:87
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1
A better explanation has been formulated by Ingold. The 
reaction is considered to follow the following sequence:
Initial step. The conjugated system is considered as one 
unit in which the initial attack from an electrophile is at 
the end of one of the double bonds where electrons are most 
easily made available by polarisability. For symmetrical 
dienes, like buta-1,3-diene, the addition of the electrophile 
is initiated at one end of the molecule.
+
CHg=CH-CH=CHg _____________ CHg=CH-OH-CHg
H
+01+
OH^=CH-CH=OHg CHgZzCH-OH-GHg
01
Intermediate. A carbonium ion intermediate is formed after 
the rate-determining step of the electrophilic attack. Since 
the resulting carbonium ion is allylic, it is mesomeric and 
has two (or more) possible positions for neutralization in the 
final stage of combination with the nucleophile.
Second step. The nucleophile can thus add to two (or 
more) alternative positions to give the products.
For example,
CH^=CH-CH^CHp
H
h4- OLdcLiitr^on.
+
GHg^OH-CH-
01
CHo=CH-CH-CHo
2 I I ^
Cl H 
CHp-CH=CH-CHp
I I
Cl H
. CHg=CH-CH-CHg ^ 2 I I 2
Cl Cl 
-> CHg-CH=CH-CHg
Cl Cl
1. C.K. Ingold, "Structure and Mechanism in Organic Chemistry", 
Cornell University Press, Ithaca, 1953* Ch. 7*
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Though products of substitution have been often isolated in 
the chlorination of some substituted dienes, the mechanism of 
this substitution reaction has not been investigated in detail! 
Tishchenko’s hypothesis (discussed in section 3*2) was, however, 
claimed to be applicable to both simple and conjugated alkenes.
6.1 PIPERYLENE (PENTA-1,3-DIENE).
In this work, we have been concerned particularly with the
behaviour of piperylene, which can exist in either of two
geometrically isomeric forms.
A Russian review summarises the methods of preparation and
1
some of the physical and chemical properties of the isomers.
The bond lengths between the carbon atoms were given as:
153, L33T I.33Ç
CH^-CH=CH-CH=CH2. In trans-piperylene, the dipole moment has 
been determined to be 0.68 D, a result which suggests that the 
polarity is due to the effect of hyperconjugation of the methyl 
group such that some contributing structures have charge 
separation represented by CH2=CH-CH=CH-^0H2 . ^
Of the two geometric isomers, the trans-compound reacts more 
readily with maleic anhydride to give an almost theoretical 
yield of the diene adduct. The cis-isomer reacts with reluctance
4
at high temperature accompanied by much polymerisation. This
proves to be a satisfactory way of separating the
1. A.A. Petrov, M.L. Genusov, Progress of Chemistry (U.S.S.R.) 
1955, 24:220-39
2. N.B. Hannay, O.P. Smyth, J.A.C.S. 1943, 65:1931
3. M.J.S. Dewar, "Hyperconjugation", Ronald Press, New York, 
1962, Chap. 5
4. D. Craig, J.A.C.S. 1943, 65:1006
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1
cis- from the trans-isomer. Both cis and trans forms are
converted to a (14:86) cis:trans mixture by heating them under 
reflux with iodine. The trans-form reacts with sulphur dioxide 
to give an oily sulfone which can subsequently be decomposed to 
regenerate the pure trans-isomer. The cis-isomer reacts only 
sluggishly with sulphur dioxide, and gives the trans-isomer 
when the sulfone is decomposed. It was suggested that this 
difference in reactivity is because the cis-isomer reacts in 
its "chair" form, while the trans-isomer reacts largely in its 
"boat" form.^ ,,
 ^ " n 'C =r C , %boAf H-c(  ^ boat
u  HH
A solid complex between cuprous chloride and piperylene 
has also been made, of composition 2CuCl.C^Hg. The stability 
of this complex has been found to be comparable to that of the 
known buta-1,3-diene-CuCl complex.^ The dissociatbn temperature 
of the^ppiperylene complex is 68.4^ at 760 mm. The formation of 
this complex has neither discrimination nor effect on the 
configuration of the diene. That is, both isomers form the 
complex which on decomposition regenerate the same isomer.
This method has been applied to the separation of piperylene 
from mono-olefinic hydrocarbons.
1. R.L. Frank, R.D. Emmick, R.S. Johnson, J.A.C.S. 1947,69:2313
2. D. Craig, J.A.C.S. 1943, 65:1006
3. A.L. Ward, B.C. Makin, J.A.C.S. 1947, M:658
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6.2 ELECTROPHILIC ADDITION TO PENTA-1,3-DIENE.
Electrophilic addition to penta~1,3-diene has not been 
studied to the same extent as it has in the case of buta-1,3- 
diene.
(i) Hydrochlorination.
(a) Hydrogen chloride, in a solution of concentrated
1 2 hydrochloric acid or bubbled directly into penta-1,3-diene,
with piperylene gives 4-chloro-pent-2-ene which is the product
expected both from 1,4- and from 1,2-addition.
(b) In a continuous flow hydro chiorinat i on of penta-1,3- 
diene (reported in a recent Russian paper),^ a continuous stream 
of hydrogen chloride was allowed to react with a stream of 
commercial penta-1,3-diene (containing trans-and cis-penta-1,3- 
diene and other C^ hydrocarbons) in hexachloro-buta-1,3-diene 
solvent in the initial stage. This solvent, hexachloro-buta-1,
3-diene, was gradually removed as the reaction proceeded, and 
the reaction was allowed to take place in the reaction product 
as a medium. It was shown that the only product obtained was
4-chloro-pent-2~ene. The influence of the relative ratio of 
reactants and temperature (-40^to 60^) on the yield was also 
studied. Resinous matter was formed during the reaction and 
on fractionation, especially at high temparature and on 
prolonged heating.
1. A.N. Pudovik, N.B. Sharipova, J. Gen. Chem. (U.S.S.R.), 
Engl. Trans. 1955, 25:561
2. A.C. Henne, H. Chanan, A. Turk, J.A.C.S. 1941, ^:3474
3. L.M. Kogan, A.I. Mogilyanskii, N.P. Ignatova, Neftekhim, 
1965, 5:693-696
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(ii) Chlorination.
(a) The chlorination of commercially available piperylene 
as the neat liquid or in petroleum ether with different pro­
portions of chlorine at different temperatures has been reported
to give mono-chlorides, dichlorides, trichlorides, tetrachlorides^
1
pentachlorides and hexachloride. Hydrogen chloride is also 
produced in the reaction. The structures of these substances 
were not elucidated. The monochlorides were thought to be 
cisi- and trans- forms of 1,4-dichloro-pent-2-ene. These 
conclusions were based on ozonolysis of different fractions of 
products.
(b) Similar mixtures of product were obtained when a 
continuous flow of chlorine was allowed to react with penta-1,
3-diene in a solution of polychloropentanes (prepared initially 
by chlorinating penta-1,3-diene with a large excess of chlorine). 
Among the products were monochlorides, dichlorides, 
trichlorides, tetrachlorides, hexachlorides and products of 
hydro chiorinat i on of penta-1,3-diene. It was deduced that 
addition, substitution and/or elimination took place. No 
detailed characterisation of these products was undertaken.
(iii) With hypochlorous acid. Aqueous chlorinated lime in a
stream of carbon dioxide was shown to react with penta-1,3-diene^ 
The products isolated were the three possible chlorohydrins,
1. F.J. Soday, U.S. Patent 2374711, May, 1 (1945)
2. L.M. Kogan, N.G. Rozhhova, N.S. Rabovskaya, J. Applied Chem. 
(U.S.S.R.), 1965, 38:1315
3. A.N. Pudovik, B.E. Ivanov, J. Gen. Chem. (U.S.S.R.), Engl. 
Trans. 1956, 26:2129
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EXPERIMENTAL
8. MATERIAL.
Chlorine. Chlorine from a cylinder (l.C.I.) was first 
bubbled through water to remove hydrogen chloride and then 
through concentrated sulphuric acid to dry it.
Hydrogen chloride. Hydrogen chloride gas was generated by 
dropping concentrated sulphuric acid on to ammonium chloride.
It was bubbled through concentrated sulphuric acid to dry.
Piperylene (penta-1,3-diene). The technical grade material 
supplied by K and K Co. was not pure, and this caused much 
wasted effort in the experimental work. The following are some 
experiments in connection with the establishment of the 
composition of the commercial piperylene.
(a) Treatment with maleic anhydride. In an attempt to
"j
separate the cis-isomer following a method described by Craig, 
250 ml(2.5 M) of technical piperylene were refluxed for eight 
hours with 250 g (2.5 M) of maleic anhydride and 3 g of picric 
acid. The unreacted piperylene was then distilled off; b.p., 
43^/760 mm. Vapour-phase chromatography showed the presence 
of only one component, but when sample was examined by n.m.r. 
spectrophotometry the spectrum showed that it contained the 
cis-isomer together with a high percentage of an impurity 
possessing protons of chemical shift different from those of 
the protons expected from penta-1,3-diene. Authentic samples 
of pure cis-and trans-penta-1,3-diene (kindly supplied by Esso 
Research Ltd.) were also examined for comparison.
1. D. Craig, J.A.C.S. 1943, 65:1006
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foaming solid was filtered under suction and washed a few 
times with n-pentane. The solid was allowed to dry and was 
decomposed by heating with water to 75^. Piperylene regenerated 
from the solid could be distilled over with water vapour. The 
distillate was dried with anhydrous sodium sulphate. In these 
experiments, it was found that the amount of piperylene 
recovered was so little that only a few drops were obtained.
When this sample of purified piperylene was chlorinated and the 
product mixture analysed on the v.p.c., it could be seen that 
the proportion of dichlorocyclopentane in the chlorinated 
mixture had been reduced to a negligible amount. This showed 
that commercial piperylene could be purified to give pure 
penta-1,3-diene via the cuprous chloride adduct.
It appears that cyclopentene is commonly found in 
commercial piperylene, and that cis-piperylene and cyclopentene 
form a constant boiling mixture which is difficult to separate.
The fact that cyclopentene is present in rather high 
proportion in technical piperylene was also deduced from the 
chlorination products of piperylene and cyclopentene. It was 
shown by v.p.c. analysis on a polyethylene glycol A column at 
75^ that dichloro-cyclopentane was present in the product of 
direct chlorination of piperylene.
1. D. Craig, J.A.C.S., 1943, 65:1006
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Correspondence with the supplier elucidated the fact that 
our sample of technical piperylene had the following 
composition:
trans-penta-1,3-diene 83/»;
cis-penta-1,3-diene 7.3/»;
cyclopentene 8.2/;
cyclopentene 0.1/;
2-methyl-but-2-ene 0.7/»;
cis-pent-2-ene 0.1/.
For preparative experiments, the piperylene was obtained 
by distilling the technical grade material (which is pale 
yellow in colour) in the presence of small quantity of 
hydroquinone (which prevents polymerisation), b.p., 42-5^/760 mm 
This is a mixture containing cis- and trans-penta-1,3-diene and 
cyclopentene, the trans-penta-1,3~diene being the predominant 
component.
For quantitative chlorination experiments on product 
distribution, pure cis- and trans- penta-1,3-diene were used 
(from K and K Co.) without further purification. These 
samples contain no more than a trace of cyclopentene.
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9. PURIFICATION OP SOLVENT.
Methylene chloride. This was purified by washing it with 
5^ solution of sodium carbonate and then with water. It was 
dried over anhydrous calcium chloride and then distilled; 
b.p. 39.5-40.5°/760 mm.
Carbon tetrachloride. The reagent grade material was 
shaken with alcoholic potash, water and concentrated sulphuric 
acid in this order until the acid layer was not darkened. It 
was then washed again with water, dried with calcium chloride 
and distilled; b.p., 76.5-77^/760 mm.
Chloroform. The reagent grade material was washed five 
or six times with water and then dried with calcium chloride 
and distilled; b.p., 61^/760 mm.
Nitrobenzene. The reagent grade material was distilled; 
b.p., 210°/760 mm.
Nitromethane. The reagent grade material (from Eastman) 
was dried over calcium chloride and distilled; b.p., 101^/760 mm.
Tetrahydrofuran. The reagent grade material was distilled 
immediately before use. B.p., 65^/760 mm.
1. A.I. Vogel, ’Practical Organic Chemistry’, Longmans, 
London, 3rd Ed. p. 163
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10. APPARATUS AND METHODS.
. Ultraviolet (u.v.) absroption spectra. The u.v. spectra 
were taken in ethyl alcohol (S.V.R.) solution with the Unicam 
SP500 spectrophotometer.
Infrared (i.r.) absorption spectra. The i.r. spectra 
were recorded on the SP200 spectrophotomer.
Nuclear magnetic resonance (n.m.r.) spectra. The n.m.r. 
spectra were taken on a Varian 60A n.m.r. spectrophotometer at 
the Esso Research Ltd., Abingdon. I am indebted to 
Dr. Smedling for his kindness in running the spectra.
Vapour-phase chromatography (v.p.c.).
Analytical vapour-phase chromatography.
(i) Qualitative. For separation and identification of 
components in the product mixture, the Pye Panchromatograph 
with an ionisation detector was used. Strontium 90 was the 
radioactive source. Argon was the carrier gas. The glass 
column (5 ft.) was packed with 70-80 mesh celite which had been 
soaked with 10^ polyethylene glycol Adipate as the stationary 
phase. After some trials and error, the following conditions 
were found to be suitable for the separation of the mixture.
Temperature of the column: 75^
Flow rate of carrier gas: 65-70 ml/min.
Ionisation voltage: 1250 volts.
The chart-speed and base line of the chromatograph were 
adjusted accordingly. A sample of 0.02 was found to be
appropriate in volumn and was introduced with a Hamilton syringe
6 3
(ii) Quantitative. The same Pye Panchromatograph was 
used at the following conditions:
Temperature: 75^
Plow rate: 10 ml/8.5 sec.
Ionisation voltage : 1250 volts.
—8Current range : 10 
Backing off at 3.
Chart-speed: 12 ins/hr.
It has been shown that under this set of conditions, the 
chromatograms of a given sample were reproducible in retention 
times. Each peak area was calculated from its height and 
width at half-height, and by taking the sum of all peak areas 
concerned, the precentage of each component in the mixture can 
be represented as a percentage of its area over the total 
area. The quantitative response of the detector of the v.p.c.- 
was tested by analysing a mixture containing known weights of 
methylene chloride and pure 1,2-dichlorocyclopentane. It was 
shown that the peak area percentage can be taken as a percentage 
in weight of each component to within 7^. When the weight 
percentage is converted to the percentage in number of moles, 
error is about 5?^ . This can be illustrated by the following 
example :
Sample analysed contained 0.5023 g (0.4 ml) of
1,2-dichlorocyolo-pentane and 2.1278 g (1.6 ml) of methylene 
chloride.
6 4
By calculation:
CHgClg
C^HgCl^
^ by wt.
81
19
jo by wt. in no- of moles
M-Wt.
0.96 87
0.137 12.5
1.097 99.5
From chromatogram:
Area of io by wt. % by wt. ^ in no. of moles
2 ---peak in cm 
CHgClg 3.575
C^HgClg 0.5
87.5
12.5
M.Wt. 
1.03 
.09 ,
92
8
4.075 100 1.12 100
The same sample of product mixture was run for five to 
six times. Calculation of each chromatogram was done in the 
same way.
A typical run and calculation is as follows:
Concentration of cis-penta-1,3-diene in CH^Cl^ soln. = 1 M 
Concentration of chlorine.in CH^Cl^ soln. = 0.475 M
Temperature: 20°
Gas for flushing the reaction mixture : nitrogen.
Analysis of product by chromatogram:
Component Area of ^ of jo of area mole ratio io in moles
peak in area M.wt.
cm^
B 6.55 50.8 0.495 49.5 56.7
0 1.17 9.06 0.0885 8.9 10.2
E 2.80 21.7 0.156 15.6 17.9
H 2.38 18.4 0.1327 13.3 15.2
12.90 99.96 87.3 100.0
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Preparative vapour-phase chromatograph. For preparative 
separation of the chlorination products, we are greatly indebted 
to the Esso Research Ltd. Abingdon, for the use of their 
Autoprep chromatograph. The separating column was a spiral 
metal column (supplied by Wilkens for Autoprep instrument ) 
packed with 60-80 mesh celite containing 20^ polyethylene 
glycol A as the stationary phase. The conditions under which 
this chromâtograph ^ was used were:
Temperature: 100°
Carrier gas: Helium at flow rate of 100 ml/min.
Thermal conductivity detector with filament at 150 mA.
A sample of not more than 250 /a 1 could be separated in a 
run lasting for 45 mins. under this condition. The separated 
components were collected in traps cooled in a bath of dry ice/ 
acetone. The difficulties encounted in these experiments were 
mainly in the recovery of the separated components. It was 
found that even though the cold trap worked satisfactorily, the 
material collected in the container was little in quantity and 
deposited in small droplets on the wall. This made it difficult 
to get the substance out except by washing it with an inert low 
boiling solvent (e.g. light petroleum, b.p. 30-40°) and then 
recovering the component by carefully evaporating off the
solvent... After a few runs, the exit through which the gas and 
vapour ran into the receiver tended to become contaminated by 
condensation of the vapour of the various components. 
Consequently, products were usually not perfectly pure.
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11. ADDITION OP HYDROGEN CHLORIDE TO PENTA-1,3-DIENE.
Introduction. Hydrogen chloride can theoretically add to 
penta-1,3-diene in three ways, namely, 1,2-,1,4-and 3,4-additions. 
Both 1,2-and 1,4-additions will give 4-chloro-pent-2-ene (cis 
and trans according to configuration of the starting penta-1,3- 
diene), whilst 3,4-addition will give 4-chloro-pent~1-ene. 
Therefore, in this study, these compounds were looked for in 
the product of hydro-chlorination.
11.1 PREPARATION OP REFERENCE COMPOUNDS.
(a) Pent-3-en-2-ol.^
A round-bottomed 3-neeked flask (2 1) was fitted with a 
stirrer, a dropping funnel with calcium chloride guard tube, 
and a double-surface condenser, above which was a dry ice/ 
acetone condenser with calcium chloride tube. Magnesium 
turnings (15 g), dry ether (700 ml) and a few crystals of . 
iodine were put into the flask. Methyl iodide (20 ml) in dry 
ether (50 ml) was introduced into the dropping funnel. About 
5 ml of this solution was first added into the magnesium^ <2. 
mixture was stirred and warmed up slightly on a water bath to 
start the reaction. When all brown colour of the iodine had 
disappeared to give a white milky solution, heating was stopped 
and methyl iodide/ether solution was added dropwise through the 
dropping funnel so that a gentle reflux was maintained. After 
all the methyl iodide was added the mixture was warmed for 
another hour, with stirring. By that time, almost all the
1. ’Organic Synthesis’ Col. vol. 3, ed. by Horning, 
John Wiley, New York, 1955, p. 696
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magnesium turnings had been dissolved. The mixture was allowed 
to cool while a solution of 55 ml of freshly distilled 
crotonaldehyde in 100 ml of dry ether was added with vigorous 
stirring. The reaction mixture was allowed to stand for an 
hour and was cooled again after all the crotonaldehyde had been 
added. The Grignard addition compound was then decomposed by 
adding a saturated solution of ammonium chloride (41 g of NH^Cl 
in 110 ml of water). A white precipitate formed and the ether 
solution was separated off. The precipitate was washed by 
décantation with 2 lots of ether (100 ml). The ethereal 
solutions were combined, and ether was distilled off. One 
half of the residue was distilled and gave pent-3-en-2-ol 
(15 ml), as a colourless liquid, b.p., 120°/760 mm.
(b) 4-Chloro-pent-2-ene from pent-3-en-2-ol.
The remaining ethereal solution from the above preparation 
of pent-3-en-2-ol was put into a 500 ml round-bottomed 3-necked 
flask fitted with a double-surface condenser, a separating 
funnel, and a stirrer. Pyridine (10 ml) was added, and thionyl 
chloride (16 ml) was added dropwise while the mixture was stirred. 
A white precipitate of pyridinium hydrochloride was formed.
The mixture was washed with water to destroy any excess of 
thionyl chloride present. It was then dried with anhydrous
magnesium sulphate and fractionally distilled under reduced 
pressure. Successive fractions had the following properties:
(a) b.p., 57°/181 mm., n^'^1.429Ü, (4 ml), (b) b.p., 54°/l55mm.,
1 .4290 (3 ml).
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(c) 4-Chloro-pent-1 -ene.
Pent-1-en-4-ol (10 ml) (from Aldrich Chemical Co.) was 
dissolved in 50 ml of dry ether containing 5 ml of pyridine.
To this mixture was added, in small portions, 10 ml of thionyl 
chloride through a separating funnel. The mixture was cooled 
in ice during the addition of thionyl chloride. The reaction 
mixture was then warmed up and heated to gentle reflux for an 
hour. It was then cooled, and the excess of thionyl chloride 
was destroyed by addition of water. The ethereal mixture was 
washed several times with water, dried with anhydrous sodium 
sulphate and distilled to give a product (2 ml); ^
b.p., 95-97^/760 mm., n^^ 1.4245. Analysis by v.p.c. showed 
this to be mainly 4-chloro-pent-1-ene, still contaminated with 
a little of the starting-material. It was sufficiently pure 
to enable it to be used to establish the behaviour of mixtures 
of 4-chloro-pent-1-ene and 4-chloro-pent-2-ene.
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11.2 PREPARATION AND PROPERTIES OF 4-CHL0R0-PENT-2-ENE FROM 
PENTA-1,3-DIENE.
The products obtained from bubbling gaseous hydrogen 
chloride into liquid penta-1,3-diene directly and by passing 
hydrogen chloride into a solution of penta-1,3-diene in an inert 
solvent (e.g. CH2CI2) were found to be indistinguishable by 
v.p.c. analysis. An attempt to isolate and identify the 
product is described below.
Distilled piperylene (50 ml) was dissolved in 100 ml of 
ether. The solution was cooled in a crushed ice/freezing-salt 
bath (temperature at about -10°). Hydrogen chloride gas was 
allowed to bubble into the piperylene solution until the solution 
was saturated, as was indicated by the escaping white fumes of 
hydrogen chloride. The excess of hydrogen chloride was washed 
away with sodium carbonate solution and water. The washed 
solution was dried over calcium chloride and ethere was 
fractionated off. The product was found to give out hydrochloric 
acid continuously in an aqueous solution, as expected for an 
allylic chloride undergoing hydrolysis. The product was 
fractionated under reduced pressure; successive fractions (2ml) 
had the following properties:
(a) b.p. 28-31°/270 mm., 1.4275;
(b) b.p. 33-34°/245 mm., 1.4280;
(o) b.p. 32-34°/219 mm., 1.4275;
(d) b.p. 27°/210 mm., 1.4270;
(e) b.p. 32°/197 mm., 1.4265;
The fractions (c) and (e) were chosen for study of their 
hydrolysis.
70
(i) Procedure for measuring rate of hydrolysis of product.
A weighed amount of (c) was dissolved in 9 3 i° ethyl alcohol 
in a 50 ml volumetric flask in a thermostat at 23*7^* The time 
of mixing was noted. At known intervals of time, 5 ml aliquot 
was piptted into about 50 ml of acetone which had been cooled 
ini: a dry ice/acetone bath and preneutralised with sufficient 
alcoholic potassium hydroxide (with respect to lacmoid as 
indicator). This stopped the solvolysis of the chloride. The 
quenched sample was then titrated immediately against standard 
alcoholic potassium hydroxide. An infinity reading was 
obtained by titrating one sample after one or two days. At 
the same time, 5 ml of the solution and 1 ml of water was 
sealed up in tube and heated up to 94° for 6 hours. This was 
afterwards broken and titrated with alcoholic potassium
hydroxide. This gave the amount of total hydrolysable chloride
in the sample which agreed with the infinity reading. From 
it, the purity of the fraction in terms of hydrolysable chloride 
could be estimated. The results of solvolysis were as follows; 
kj^  calculated from the equation:
k. = log ^ ; where, a= initial concentration,
t a-x
X = amount hydrolysed after time t, 
t = time in min. from mixing to 
quenching of sample.
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Rate of solvolysis of fraction (c) in 95^ ethanol.
Weight of fraction (c) taken = 0.2345 g dissolved in 50 ml.
of solvent.
Temperature: 23.7*^ -
Aliquot parts (5 ml) were taken and quenched in 
preneutralized cooled acetone. Titration against potassium 
hydroxide in ethanol solution using lacmoid as indicator.
Time in min. 0 10 20 30 50 90 170 00
Titre (KOH/EtOH, ml) 1.50 2.95 4.30 5.45 7.40 10.05 12.6 14.7
min~^  x 10^ 1.16 1.19 1.18 1.18 1:18 1.08
Mean,k-| = 1.18 x 1(7^  min.~^
The rate of solvolysis of fraction (e) was found to be 
—2 —11.28 X 1(5” min. under the same condition.
Apparently, from the data of refractive index and rates of 
solvolysis, the main product obtained from hydrochlorination of 
piperylene is the expected adduct, 4-chloro-pent-2-ene, which 
can be obtained either by 1,2-or 1,4-additbn. Its properties 
should be: b.p., 100.5°/760 mm.; 1.4322; 1.4311.^’^
(ii) Examination of isolated product.
(a) By v.p.c. The product of hydro chio rinat i on was put into 
the analytical v.p.c.. It was shown that it has an identical 
retention time as the reference synthetic trans-4-chloro-pent- 
2-ene. A sample made by mixing synthetic 4-chloro-pent-2-ene 
and product of hydrochlorination showed one single component 
on v.p.c.. It was therefore considered that the product of
1. C.L. Arcus, J.W. Smith. J.C.S., 1939:1748
2. E.H. Huntress, ’Organic Chlorine Compounds’, John Wiley, 
New York, 1948, p. 1033
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hydrochlorination of penta-1,3-diene was 4-chloro-pent-2-ene 
as far as v.p.c. analysis could tell.
(b) By infrared analysis. The i.r. spectra of the reference 
4-chloro-pent-2-ene and the hydrochlorination product were 
compared and they were shown to be identical. Since the 
synthetic sample of 4-chloro-pent-2-ene was derived from pent-3- 
en-2-olrwhich was prepared from commercial trans-crotonaldehyde 
by reactions involved probably did not disturb the double bond, 
it was expected that the reference sample of 4-chloro-pent-2-ene 
would contain only the trans isomer. A strong absorpHion band 
due to a trans- substituted ethylenic double bond
V H ;
was present, as expected, in the absorption spectrum
of synthetic 4-chloro-pent-2-ene. An exactly similar i.r.
spectrum was obtained from the product of hydro chiorinat i on;
it was also noted that no absorption band at the region of 
— 1915 cm could be seen. From the identity of the i.r. spectra, 
the product of hydrochlorination was concluded to contain 
mainly trans-4-chloro-pent-2-ene.
(c) By n.m.r. spectroscopy. The n.m.r. spectrum of the isolated
product was shown to have the same general features as that of
synthetic trans-4-chloro-pent-2-ene.
Chemical shift Assignment Ratio 
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Unfortunately, the spectra contained complicated fine 
lines, some of which were not quite resolved. It was difficult 
to tell from the spectrum whether there is any cis- isomer 
present in the hydrochlorination product.
11.3 DETECTION OP 4-CHL0R0-PENT-1-ENE IN MIXTURE WITH 
4-CHLORO-PENT-2-ENE.
In order to detect the presence of 4-chloro-pent-1-ene 
in the reaction product of hydrochlorination of penta-1,3- 
diene, the following methods of analysis were used:>
(i) By v.p.c. The retention time of the synthetic 4-chloro- 
pentl-ene was compared with that of 4-chloro-pent-2-ene 
obtained from pent-3-en-2-ol and from hydrochlorination of 
penta-1,3-diene. It could be seen that 4-chloro-pent-1-ene 
had a slightly shorter retention time on the PEG A column. To 
test the resolving power of the column on this mixture, 
mixtures containing known percentages of 4-chloro-pent-1-ene 
in 4-chloro-pent-2-ene (from both sources) were made up and 
analysed on the v.p.c. (see chromatograms). The 
chromatographic analysis showed that 4-chloro-pent-1-ene (49^ ) 
could be separated from 4-chloro-pent-2-ene; the lowest limit 
of 4-chloro-pent-1-ene which could be detected in a mixture 
was 1.5^» Since, in the chromatograms of the product of
hydrochlorination of penta-1,3-diene, no sign of 4-chloro-pent-
1-ene could be seen, it was therefore concluded that 
4-chloro-pent-1-ene was absent in the product of
hydrochlorination or at most less than 1.5^.
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(ii) By i.r. sinalysis. The i.r. spectrum of 4-chloro-pent~2~
ene obtained from hydrochlorination of penta-1,3-diene was
examined and no sign of absorption due to any terminal
—  1methylene group (915 cm~ ) could be seen. This excluded the 
presence of any substantial proportion of a compound containing 
a methylene group such as 4-chloro-pent-1-ene.
(iii) By n.m.r. analysis. The product isolated from
hydrochlorination of penta-1,3-diene was analysed on the n.m.r. 
spectrophotometer. Signals of protons in a methylene group 
(e.g. T = 5 1 0.1) could not be seen in the spectrum.
Therefore, 4-chloro-pent-1-ene is not likely to be present 
in the product.
It was concluded that therefore within the limit of 
analytical methods, 4-chloro-pent-1-ene was not formed in 
the hydrochlorination of penta4,3-diene.
11.4 POSSIBLE PRESENCE OF CIS-ISOMER IN THE ABOVE PRODUCT.
If hydrogen chloride adds onto cis-penta-1,3-diene at the 
1,2 positions, cis-4-chloro-pent-2-ene will be formed. On the 
other hand, 1,4-addition to the ’boat’ form of cis-and trans- 
penta-1,3-diene will also give cis-4-chloro-pent-2-ene. 
Therefore, the cis isomer might be present in the isolated: 
product of hydrochlorination of distilled penta-1,3-diene 
(containing 83^ trans- and 7^ cis-).
(i) Absorption bands characteristic of cis-ethylenic double 
bond in similar compounds were looked for in the i.r. spectrum
—  1 —  1of the isolated product (e.g. at 1657 cm*” , 770 cm , compared
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with cis-and trans-1-chloro-but-2-ene). However, the 
synthetic sample of 4-chloro-pent-2-ene from trans- 
crotonaldehyde gave an i.r. spectrum which also had absorption/ 
bands in these regions. This made it difficult to detect the 
presence of cis-4-chloro-pent-2-ene from i.r. analysis.
(ii) Analysis by v.p.c. (on a PEG A column) of this product 
of hydrochlorination gave only one component which was 
indistinguishable from synthesised trans-4-chloro-pent-2-ene. 
Nevertheless, the limited resolving power of the column might 
mean that geometric isomers of close boiling range are not 
separated: cis-and trans-penta-1,3-diene appeared unresolved 
on the column.
(iii) It has been shown by Hatch et at that reactivities
of cis-and trans-1-chloro-but-2-ene differ with respect to (a) 
potassium iodide in acetone, (b) cuprous chloride catalysed 
acid hydrolysis, and (c) sodium ethoxide in ethanol (equimolar 
quantities of reactants of about 0.05 M gave ^2(cis)'^^2(trans)
= 1.16). However, reaction with ethanol of the same pair of 
isomers were found to follow first order kinetics and the same 
rate was found for both isomers (k^  = 20.82 x 10*”^  sec""^  ) .^ . 
Reaction of the same pair of isomers with sodium hydroxide 
and sodium ethoxide were found to be dependent on the
1. L.P. Hatch, S.S. Nesbitt, J.A.C.S. 1950, 72:729
2. L.P. Hatch, 8.8. Nesbitt, J.A.C.S. 1951, 73:359
3. C. Geordorlis, Ann. Chim. (Paris), 1961, 6:5-50, through
C.A. 1961, 55:20907
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concentration and temperature.^ At 80° and at concentration 
of N/36, second order kinetics for both isomers were obtained 
(189 X 10 ^mole ^sec~^ for the cis ; 143 x 10 ^mole'^sec  ^ for 
trans). However, at 40° and 50° and at concentration of N/2 
and N, the reaction order was found to be between 2 and 3*
In order to detect any cis-4-chloro-pent-2-ene in the 
product of hydro chiorinat i on of penta-1,3-diene, measurements on 
rates of solvolysis of the isolated sample were made. The runs 
were carried out through the whole course of reaction as far as 
possible, especially at the beginning and the end, in order to 
see whether there was any significant change in the rate due to 
the presence of isomers of different reactivity (fast or slow).
(a) Rate of solvolysis in absolute ethanol at 25^ was
estimated in the usual way. The first order rate was found to 
—  ^  —  1be k^=2.6 x 10’" min . But the reaction was rather too slow to 
be followed conveniently through out its whole course. However, 
a straight line was obtained to about 70^ reaction.
(b) Rate of solvolysis in 50^ ethanol was very fast even 
at 0° and could not be measured accurately. An attempt was 
made to measure the rate at -10° by using a freezing salt/ice 
bath; the unimolecular solvolysis rate under these conditions 
was found to be k^=5 x 10~^min  ^ (at -10°).
(c) Rate of solvolysis of the product was finally measured 
accurately at 25^ in 95^ ethanol and the reaction followed to 
completion. Results of a typical run were plotted and a straight 
line was obtained up to 99*5?^  of the reaction.
1. C. Geordorlis, Ann. Chim. (Paris), 1961, 6:5-50, through C.A. 
1961, 55:20907
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Weight of chloride taken = 0.4584 g, dissolved in 100 ml 
of 95^ ethanol. Aliquots parts of 5 ml were taken and quenched 
in cooled preneutralised acetone. Titration against alcoholic 
potassium hydroxide using lacmoid indicator.
Time in min. 0,.0 2,.5 13 24.5 34.5 44.5
Titre (KOH, ml) 0,.3 0..9 3.0 5.0 6.5 8.1
— 1 2 
k^  min x 10 1 .26 1.24 1,22 1.22 1.26
80 120 170 200 215 235 270 290 00
11.6 14.4 16.4 17.0 17.4 17.6 17.9 18.3 18.4
1 .22 1.26 1.29 1 .28 1.29 1.28 1.25 1.29
Mean, k^  = 1.27 X 10-2
. -1min (at 25°).
However, no definite conclusion could be drawn from this 
about the presence of any cis-4-chloro-pent-2-ene since it 
might have the same reactivity as the trans isomer with 
reference to solvolysis in ethyl alcohol.
(d) Rate of reaction of the product with excess of sodium 
ethoxide in absolute ethanol at 25^ was also measured at two 
different concentrations, the samples were quenched in cooled 
acetone and the unreacted ethoxide was titrated against 
standard hydrochloric acid.
Concentration of chloride A. 0.067M B. 0.0255M
Concentration of NaOEt/EtOH 0.121M 0.0445M
The mixtures were made up in 100 ml volumetric flasks and 
5 ml samples were taken at intervals, quenched and titrated 
with A. 0.05 N, HCl ; B. 0.025 N, HCl.
HYDROLYSIS : CcHqCI + NaOEt
IN EtOH AT 25
time in hrs
8 3
Results :
A. Time in min. 0 7.5 14. 5 25 35 50 75
Titre (HCl, ml) 12.1 11.,8 11. 11.55 11 .3 11.1 10,.65
105 135 195 240 310 370 430 490 550 00
10.1 9.7 8.9 8.4 7.8 7.5 7.1 6.9 6.65 5.[
B. Time in min. 0 7 20 35 50 80 110 150
Titre (HCl, ml) 8.9 8.8 8.5 8.3 8.0 7.8 7.4 6.9
190 240 300 360 420 480 540 600 00
6.6 6.1 5.75 5.5 5.2 4.9 4.7 4.5 3.75
The values of log(a(b-x)/b(a-x)) were plotted (a, b are 
initial concentrations) against time, from which it could be 
seen that they did not lie on a straight line. Apparently, the 
reaction was not a simple second order hydrolysis. There were 
several possibilities giving rise to this anomaly:
(a) The reaction order depends on concentration. It has been 
pointed out that the reaction of 1-chloro-but-2-ene^ with 
sodium ethoxide was second order at N/36, but became something 
between second and third order at N/2.
(b) A component which had different reactivity towards sodium 
ethoxide was present, perhaps, the cis isomer of 4-chloro-pent-
2-ene.
(c) Unimolecular solvolysis occurring concurrently with the 
bimolecular reaction, this possibility seemed to be most likely 
since it was noted that the chloride did solvolyse in absolute 
ethanol and gave good first order kinetics. If this is the case.
1. C. Georgorlis, Ann, Chim. (Paris), 1961, 6:5-50, through 
C.A. 1961, 55:20907
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then the analysis of the kinetic result would be very involved 
and might not be useful as a reliable evidence on the possible 
presence of cis-4-chloro-pent-2-ene.
Thus, from all analyses so far undertaken, on the isolated 
product, including kinetics of solvolysis, no definite 
conclusion could be drawn as to the presence or absence of 
cis-4-chloro-pent-ene in the product of hydrochlorination of 
penta-1,3-diene.
11.5 KINETICS OF HYDROCHLORINATION OF PENTA-1,3-DIENE.
Some preliminary measurements of the rate of 
hydrochlorination of distilled piperylene have also been attempted. 
Solutions of gaseous hydrogen chloride in different solvents 
were made ; their concentrations were determined by titrating 
with alcoholic potassium hydroxide solution using lacmoid as 
indicator. Weighed amount of distilled technical piperylene 
was dissolved and mixed with known amount of hydrogen chloride 
solution in a volumetric flask. The concentrations of g. - 
piperylene and hydrogen chloride were about 0.02M and 0.002M 
respectively. The mixture was kept at room temperature (20^) 
and at known intervals of time, aliquot parts were removed, and 
quenched in preneutralized acetone which had been cooled to dry 
ice/acetone temperature. The unreacted hydrogen chloride was 
determined in the usual way. It was found that in methylene 
chloride, about 50% of the hydrogen chloride had disappeared 
in about 5 mins. (this included some loss, ca 10% by 
volatility). In chloroform, 50% of the hydrogen chloride was
85
used within 15 mins. of mixing (loss of hydrogen chloride by 
volatility, about 5%). However, when ether was used as the 
solvent, (piperylene: hydrogen chloride = 0.04:0.01 M), 
titration of aliquots of reaction mixture showed that the 
hydrogen chloride remained unreacted after three days at room 
temperature. Apparently the reaction between hydrogen chloride 
and piperylene in ether solution was so slow at this 
concentration that no detectable change in concentration of 
hydrogen chloride had taken place. Nevertheless, in 
preparative experiments when excess of hydrogen chloride was 
allowed to bubble into a solution of piperylene in ether, and 
the solution was saturated with hydrogen chloride, the expected 
reaction took place within several hours. A similar solvent 
effect on the kinetics of hydrochlorination of cyclohexene has 
been reported before, and it was suggested that the oxygen atom 
in ether coordinated to hydrogen chloride through its lone 
pair of electron and thus retarded the reaction.^
Unfortunately, the loss of hydrogen chloride by 
volatility could not be avoided in these experiments and 
measurements on the rate of hydrochlorination were therefore 
not accurate enough. Better methods of kinetic measurement 
are needed for this purpose, for instance, by use of a closed 
system where determinations of reactants concentrations would 
not require opening of reaction vessel; e.g. by following the 
conductivity.
1. G.P. Hennion, F. 0 'Connor, L.H, Baldinger, R.R. Vogt, 
J.A.C.S. 1939, 61:1454
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12. REACTION OP CHLORINE WITH PIPERYLENE.
12.1 PREPARATIVE CHLORINATIONS.
In the preparative experiments, about 50 ml. of distilled 
piperylene were used. It was cooled in an ice bath and chlorine 
was bubbled directly into the liquid. In other cases, 
piperylene was dissolved in twice its volume of solvent,
(e.g. CHgCiy and chlorine was allowed to bubble into the ^
solution. The amount of chlorine used was not predetermined, 
but the reaction was stopped before the solution acquired any 
tinge of yellow colour, thus ensuring that there was excess of 
piperylene over chlorine. Even when a yellow colour did 
develop in the solution towards the end of the chlorination, 
it was found that unreacted piperylene could still be detected 
in the reaction mixture, fumes of hydrogen chloride being 
always produced. The resulting mixture was washed three 
times with water and dried over anhydrous sodium sulphate.
(a ) Attempted separation of products by fractional distillation 
Many attempts at the fractionation of the product of 
chlorination have been tried, including fractionation under 
reduced pressure. However, these fractionations were all found 
to be unsuccessful as far as separation of pure components was 
concerned. At reduced pressure a large quantity of some very 
volatile product and unreacted piperylene was collected in the 
cold trap. Later fractions were all shown to contain more 
than two components.
TABLE 1. PRODUCTS OP CHLORINATION OP PIPERYLENE.
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Component Retention­
time (min.)
Chemical
characteristic
Probable
identification
Unreacted
piperylene
1 hydrocarbon CH2=CH-CH=CH-CHj
A 3
allylic mono- 
ene chloride CH.-CH=CH-CH-CHT3 1 3
Cl
B 5
vinylic dienic 
chloride CH=CH-CH=CH=CH^Cl
C 9 allylic dienic 
chloride
CH2=CH-CH=CH-CH^1
D 17
saturated
dichloride a:
E 24 unsaturated 
dichloride
CH_-CH-CH=CH-CH. 1 2 1 3 
Cl Cl
H 50 unsaturated
dichloride
CH_-CH=CH-CH-CH.
i 1 3 
Cl Cl
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12.2 IDENTIFICATION OF COMPONENTS OF PRODUCT OF CHLORINATION 
OF PIPERYLENE.
The assignment of the structures to the components of the 
reaction mixture from chlorination of piperylene was made on 
the basis of evidence presented below for each of the various 
peaks.
Component A. 4-Chloro-pent-2-ene, CH^-CH=CH-CHC1-CH^
(i) This is easily hydrolysed by water; when the reaction- 
mixture was washed several times with water, and reexamined 
by v.p.c., this peak was absent. Therefore A is an easily 
hydrolysable chloride, probably allylic in nature.
(ii) The sample of A collected from the Autoprep was sent for 
elemental analysis (by A. Bernhardt) with the following results: 
Found: C,57.4;H,8.4;C1,33.8%; Calc, for C^HgCl: C,57.4;H,8.6; 
Cl,34.0%. Its molecular weight was 110 (calc.,104), and its
u.v. spectrum showed no absorption in the region (220-230M/x, ) 
expected for a compound containing conjugated double bonds.
Its i.r. and n.m.r. spectra were also examined and found to 
correspond to 4-chloro-pent-2-ene.
(iii) Analytical v.p.c. showed that its retention time was 
identical with that of the product isolated from reaction of 
hydrogen chloride with piperylene and of thionyl chloride with
pent-3-en-2-ol.
(iv) When piperylene was chlorinated in the presence of a 
stream of nitrogen or oxygen, v.p.c. analysis showed that the 
proportion of A in the mixture was much reduced. Apparently,
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A is formed by the reaction of hydrogen chloride produced in 
the chlorination of piperylene, and the passage of any inert 
gas carried off the hydrogen chloride as it is formed and thus 
prevents its addition to piperylene.
Component B. 1-Chloro-penta-1,3-diene, CHC1=CH-CH=CH-CH^
(i) The compound is stable to hydrolysis. When the reaction 
mixture was refluxed with water or with dilute alkali, it was 
unaffected, as was shown by v.p.c. analysis of the mixture 
before and after treatment. It is also stable towards aqueous 
silver nitrate solution; most of the other components were 
found to be removed when the mixture was shaken with aqueous 
silver nitrate. It is therefore deduced that this must be a 
vinylic chloride.
(ii) The sample separated by the Autoprep was too small for
direct examination, but when the receiver was washed with light
petroleum (b.p. 30-40°); the u.v. spectrum of the washings
showed strong absorption in the region 225-235 . This
suggests the presence of conjugated double bonds. Its i.r.
spectrum also showed absorption due to double bonds in
—  1conjugation (1600 cm ).
(iii) Prom alcoholic potassium hydroxide dehydrochlorination 
of the chloride mixture, it was shown' on the v.p.c. that 
component E (1,2-dichloro-pent-3-ene) had been removed after 
the mixture had been refluxed with alcoholic KOH. At the same 
time, the proportion of component B was increased and a new 
component having retention time in the neighbourhood of B 
appeared. This observation was interpreted as elimination of
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hydrogen chloride from 1,2-dichloro-pent-3-ene to give 1-chloro- 
penta-1 ,3-diene and probably 2-chloro-penta-1,3-diene.
CH,CH-CH=CH-CH, -"^1  ^ ( C1CH=CH_CH=0H_CH^
1 CH2=CC1-CH=CH-CH^
(iv) An attempted synthesis (described in detail below) of
1-chloro-penta-1,3-diene from propenyl magnesium bromide and
1.2-dichloroethylene in tetrahydrofuran gave as the major 
product a substance which on v.p.c. had the same retention 
time as component B; its u.v. and i.r. spectra were also 
consistent with the assigned structure.
(v) Attempted synthesis of 1-chloro-penta-1,3-diene.
This compound has not been reported in the literature
except as a minor component (0.5?^ ) of the product of reaction 
of thionyl chloride with 1-pentyn-3-ol in pyridine.  ^ It was 
thought to be 1-chloro-penta-1,3-diene because the u.v. 
spectrum showed the presence of a conjugated system; no further 
details of the porperties of the compound were given.
It has been shown by Normant et al, that
1.2-dichloroethylene with butyl magnesium bromide in
2
tetrhydrofuran gives 1-chloro-hept-1-ene.
in
C1CH=CHC1 + CH^MgBr CH=CH-CH^-Ct^-CH^—
Accordingly, it seemed probable that 1-chloro-penta-1,3- 
diene could be prepared from propenyl magnesium bromide and
1. T.L. Jacobs, W.L. Petty, E.G. Teach, J.A.C.S., 1960,^:4094
2. J. Normant, et al., Bull. Soc. Chim. Prance, 1963, 
82^:1868-75, through C.A. 1963, 59: 15153d.
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1,2-dichloro-ethylene.
C1CH=CHC1 + CH,-CH=CHMgBr ---— -- > ClCH=CH-eH=CH-CH,
i  THP ^
Preliminary experiments showed that the Grignard reagent from 
propenyl bromide (mixture of cis-and trans-isomer, from Aldrich 
Chemical Co., technical grade) could be prepared in 
tetrhydrofuran by following the procedure given by Normant.  ^
Crystals of the Grignard reagent separated out in a saturated 
solution of reaction mixture. But a mixture of this with 1,2- 
dichloroethylene (commercial technical grade material from 
Harrington, cis and trans mixture) did not show any sign of 
reaction after refluxing for 4 hours. Examination of this 
mixture after working ...up, showed that only dichloroethylene 
and tetrahydrofuran were present, without any trace of another 
component. After several trials under varying conditions, the 
effect of the addition of a catalytic amount of anhydrous 
cobaltous chloride was investigated. The reaction between 
dichloroethylene and propenyl magnesium bromide was then so 
much induced that a vigorous reaction took place instantaneously; 
the addition of anhydrous cobaltous chloride caused rapid 
boiling and darkening of the reaction mixture. Analysis by 
v.p.c. of the product, recovered after working up in the usual 
way showed the presence of a trace of a new component, the 
retention time of which appeared to coincide with that of 
component B.
1. H. Normant, 'Alkenyl Magnesium Halides', in 'Advances in 
Organic Chemistry, Methods and Results' vol. II, ed. by 
Raphael, Inter-science Publisher, New York, 1961.
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Accordingly, the preparation was repeated on a large scale, 
as follows:
A 3-necked round-bottomed flask (500 ml) was fitted with a 
stirrer, reflux condenser (with calcium chloride tube) and 
dropping funnel (with calcium chloride tube). Magnesium 
turnings (3 g), a crystal of iodine, and freshly distilled 
technical tetrahydrofuran (40 ml) were introduced. A solution 
of commercial propenyl bromide (10 ml; from Aldrich Chemical Co., 
mixture of cis and trans isomers) in tetrahydrofuran (15 ml) was 
added slowly. The reaction mixture was stirred and warmed 
gently on a water bath. After an induction period of half an 
hour the reaction started quite violently and the mixture began 
to boil. It was sometimes necessary to interrupt the addition 
of propenyl bromide and cool the mixture with ice to avoid loss 
of the volatile bromide. %en all the bromide had been added, 
the mixture was stirred for another thirty minutes; a pale yellow 
solution was obtained, and very little magnesium remained. This 
Grignard mixture was thoroughly cooled in ice, and a solution 
of distilled 1,2-dichloroethylene (10 ml) in distilled 
tetrahydrofuran (15 ml) was added. After the entire mixture 
was well cooled, about 0.05 g of finely powdered anhydrous 
cobaltous chloride (prepared by heating cobaltous chloride 
crystals on an evaporating dish) was added. Much heat was 
evolved, and the mixture went black immediately. When the 
initial reaction had subsided, the mixture was stirred and 
heated under gentle Zelfux for two hours. The content was
cooled again in ice. A saturated solution (50 ml) of ammonium 
chloride was added slowly through the dropping funnel to
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decompose the adduct. The precipitate was filtered off and 
washed with a mixture of ether and water. The ethereal extract,
was combined with the filtrate of the product mixture and dried
over anhydrous sodium sulphate. This was fractionally distilled
and each fraction was checked on the v.p.c. for its composition,
a product having a retention time similar to component B was
found to be present.
Fraction 
(b.p. /760mm)
1. 64-67
2. 67-71 
(ca 5 g)
3. 71-72° 
(ca 2 g)
4. 95-102° 
(ca 1 g)
Composition
Tetrahydrofuran (THF) and C1CH=CHC1,
THF, C1CH=CHC1, and 1^ of new component of 
retention time the same as that of B,
THF, C1CH=CHC1, 5% of new component of r&nt 
retention the same as that of B,
35% of C1CH=CHC1,
50% of a component of retention time same as 
that of B, and
15% of material appearing at longer retention 
times (3 major peaks at retention times of 
7, 9, 11 mins.; component B had retention time 
of 5 mins. under the same conditions).
It was unfortunate that the sample could not be obtained 
purer, but polymerisation during the distillation had resulted 
in a very low yield. Because of the presence of dichloro­
ethylene, analysis of chlorine content was not possible. Since 
dichloroethylene has a strong absorption in the region 210-225 ,
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Component C. ^-Chloro-penta-l,3-d.iene, CH2=CH-CH=CH-CH2C1.
(i) Component C from the product of chlorination of piperylene 
was unstable towards hydrolysis; v.p.c. analysis of the mixture 
after it had been heated with aqueous alkali or shaken with 
aqueous silver nitrate showed that this component had been 
removed. It was concluded, therefore, that it was a reactive 
chloride, probably an allylic chloride.
(ii) The corresponding fraction from the Autoprep was recovered 
in light petroleum (b.p. 30-40^). This was shown by analytical 
v.p.c. to contain only one component other than the light 
petroleum. Its u.v. spectrum showed a strong absorption in the 
region 220-240 a result which indicates the presence of 
conjugated double bonds.
(iii) A synthesis of 5-chloro-penta-1,3-diene was attempted, 
as described in detail below; the properties of the synthetic 
material were compared with those of C. The retention times of 
the synthetic 5-chloro-penta-1,3-diene were found to be 
identical with those of component C on two different columns.
(iv) Preparation of 5-chloro-penta-1,3-diene.
Two routes had previously been described for preparation
1 2of this compound. The first one was from vinylacrylic acid, ' 
by reduction with lithium aluminium hydride to give penta-2,4^ 
dien'-1-bl, and reaction of this with phosphorus trichloride in 
pyridine at -10°.
pyridine
CH^=CH-CH=CH-COOH --- > CH^=CH-CH=CH-CH^OH ---------- >
 ^ LiAlH^  ^ PCl^ at-10°
^ CH2=CH-CH=CH-CH2C1
1. L. Crombie, S.H. Harper, D. Thompson, J.C.S. ,1951 :2913-
2. A.D. Mebane, J.A.C.S. 1952, 74:5228.
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The second involved chlorination of penta-1,4-dien^-3-ol, with
hydrogen chloride with accompanying allylic transposition.
Phosphorus tribromide had also been used to prepare the
1 2corresponding bromide. '
HCl
CH2=CH-CH0H-CH=CH2------> CH2=CH-CHC1-CH=CH2^ CH2=CH-CH=CH-CH2C1
CH„=CH-CHOH-CH=CH„-- » CH„=CH-CHBr-CH=CH„ CH,=CH-CH=CH-CHpBr
 ^ . PBr^
The properties recorded for the chloride, were;
b.p. 65-67°/130mm; 1.4923; d^^ 0.946; 226.5,8=25,300 .J) max.
The second method was adopted, since the starting materials 
were available, and since we should also have been interested 
in the unrearranged chloride CH2=CH-CHC1-CH=CH2, haddit been 
formed in the chlorination.
Preparation of penta-1,4-dien3-ol.^
A 3-necked round-bottomed flask (1 1) was fitted with a 
stirrer, a dropping funnel (with a calcium chloride tube) and 
a water condenser superimposed by a dry ice/acetone condenser 
protected by a calcium chloride tube. Magnesium turnings (12 g) 
and one iodine crystal were introduce, together with 
tetrahydrofuran (150 ml). Vinyl bromide (0.5 ml) was added and 
the mixture stirred and warmed gently to about 45^* Close
1. P. Maginiac, Ann. Chim., 1962, 7:445-78, through C.A. 1963, 
^:6682
2. C. Prévost, P. Bidon, Bull. Soc. Chim., 1955, 1408-10, 
through C.A. 1956, 11227
3. H. Normant, *Alkenyl Magnesium Halides * in ’Advances in 
Organic Chemistry*, ed. by Raphael, vol. II, Interscience 
Publisher, New York, 1961; also Compt. rend., 1955, 240:111
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watch at this stage was required to note the start of the 
reaction, since heat was evolved and efficient cooling was 
necessary to avoid loss of vinyl bromide (b.p. 15^). The brown 
colour of iodine soon disappeared giving a pale yellow solution. 
Vinyl bromide (50 g) in tetrahydrofuran (55 ml) was then 
gradually added at such a rate that the mixture boiled gently; 
loss of vinyl bromide was kept to a minimum by efficient cooling 
at both condensers. After all the bromide had been added, the 
reaction mixture was warmed up on a water bath to 70-90° for 
an hour and vigorously stirred. The Grignard reagent which 
appeared as a yellow and thick solution was then cooled.
Ethyl formate (37 g) was added dropwise and the mixture stirred 
for another hour at room temperature. A saturated solution of
ammonium chloride (125 ml) was then added to decompose the 
adduct. The organic layer was separated off and the solid 
residue was extracted three times (75 ml) with tetrahydrofuran. 
This extract was combined with the organic layer and dried 
over anhydrous sodium sulphate. Tetrahydrofuran was removed 
by distillation under reduced pressure. Finally, a distillate 
(2 ml) collected at 50-58°/80 mm. had refractive index
1.4325 (lit. n^ '^  1.4400; b.p. 56°/80 mm). This fraction was 
shown by v.p.c. analysis to contain some trace of
tetrahydrofuran.
Chlorination of the divinyl carbinol.
(a) With thionyl chloride.
Thionyl chloride (5 ml) was added to the alcohol (3 ml)
in tetrahydrofuran at OO, The mixture was stirred and
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allowed to stand at room temperature overnight. Excess of- 
thionyl chloride was removed by washing the solution with 
water, and the organic layer was separated and dried over 
anhydrous sodium sulphate. After distilling off tetrahydro - 
furan under reduced pressure, a small amount of distillate was 
obtained (<1 ml), b.p. 65-70°/l50 mm, n^^ 1.4835. This sample 
was shown to contain a compound possessing conjugated double 
bonds since it showed a strong absorption in the^^region 
255-235 The i.r. spectrum of this also indicated double
bonds in conjugation (strong absroption at 1600 cm” )^. Analysis 
by v.p.c. showed the presence of tetrhydrofuran (2%), divinyl 
carbinol (3%) and a compound (9 5 % ) which appeared at the same 
retention time as component C of the chloride mixture. No 
sign of any other monochloride was detected; the unrearranged 
chloride, CH2=CH-CHC1-CH=CH2 seemed not to be formed. It is 
suggested, therefore, that 5-chloro-penta-1,3-diene is formed 
from divinyl carbinol by a reaction involving an allylic 
rearrangement, probably by the route:
CH2=CH-CH0H-CH=CH2 ^  CH2=CH-CH-CH=CH2
OSOCl
CHo=CH-CH-CH=CH^  --------- > CH^=CH-CH=CH^CH^C12 2 2 2
Reaction with thionyl chloride in a medium of ether and 
pyridine gave again the rearranged chloride. When a large 
excess of thionyl chloride was used, the product contained 
5-chloro-penta-1,3-diene together with two components of higher 
retention times, corresponding with components E and H (See 
table I). It is suggested that these are the dichlorides
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obtained by addition of hydrogen chloride to 
5-chloro-penta-1,3-diene, thus:
CHg-CH-CH=CH-CH^
(\ ^ \ 3
CH2=CH-CH=CH-CH2C1 + HCl^ I Cl Cl
1 CHo-CH=CH-CH-CH,
1 I 2 I 3
 ^Cl 01
(b) With hydrogen chloride.
The above interpretation was confirmed by chlorinating 
the divinyl carbinol with gaseous hydrogen chloride. By 
reacting divinyl carbinol in tetrahydrofuran with hydrogen 
chloride in deficiency, the mixture obtained was found to 
contain the rearranged chloride and unreacted divinyl carbinol, 
with no sign of any unrearranged chloride. When divinyl 
carbinol was saturated with hydrogen chloride, the mixture 
contained the rearranged chloride together with the two 
components suspected to be the same as components E and H 
based on retention times on v.p.c..
In these experiments, it is not possible to be sure ’ 
whether rearrangement occurred before or after the initial 
chlorination.
Prom all these preparations of 5-chloro-penta-1,3-diene, 
it was difficult to isolate the compound pure : trace of 
tetrahydrofuran and alcohol were shown to be the significant 
contaminants. The purest sample had the following properties: 
b.p. 97-100^/760 mm, 1.4835. The u.v. spectrum showed 
strong absorption in the range 220-230 ( A max at 227“^/^ ,
£=25200) and was similar to the u.v. spectrum of the component
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The identity of synthetic 5-chloro-penta-1,3-diene with 
the component C in the chloride mixture was confirmed by v.p.c. 
on a silicon gum column (12 ft.) at 75^ with nitrogen at lOp.s.i. 
as carrier gas and a flame ionisation detector. The chloride 
appeared after the impurities. The li^t petroleum washings 
of component C collected from separation of the chloride 
mixture on the Autoprep was also examined under exactly the 
same conditions. This gave a peak representing a component of 
the same retention time as the chloride from the previous 
mixture. It has therefore been shown that the chloride component 
C has the same retention time as the synthetic 5-chloro-penta-1, 
3-diene on columns of different nature (PEG A and silicone gum). 
They are therefore almost certainly the same compound.
Component D. 1,2-Dichlorocyclopentane.
(i) This component was shown to be stable to hydrolysis in 
water, alkali and even silver nitrate. Thus, it can hardly be 
an allylic chloride.
(ii) The sample collected from the Autoprep was big enough 
for examination of its i.r. and n.m.r. spectra. The i.r. 
spectrum was identical with that of synthetic 1,2- 
dichlorocyclopentane. The n.m.r. spectrum gave the ratio of 
various protons as follows:
Chemical shift Relative area Assignment
7-8.5 125 protons in ring
3-4 41 -CHgCl
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(iii) After piperylene had been purified via the cuprous 
chloride complex, the products of chlorination were again 
analysed by v.p.c.; component D was then found to be present
in reduced amount. On the other hand, when commercial piperylene 
had been refluxed with excess maleic anhydride for eight hours 
and the unreacted material had been distilled and chlorinated 
in the usual way, the chromatogram showed a large increase in 
the proportion of this component.
(iv) Chlorination of pure cyclopentene (from K and K Ltd.)
gave a product which on distillation gave 1,2-dichlorocyclopen%
tane, b.p. 69°/37 mm., 1.4861. (lit.’ b.p. 50-55°/25 mm.,
20rip 1.4779). Its i.r. spectrum was found to be similar to that 
of the component D collected from Autoprep. By v.p.c. analysis, 
it was shown that it also has the same retention time as 
component D.
(v) Chlorination of samples of pure cis- and of pure trans- 
penta-1,3-diene (from K and K Ltd.) gave products which, on 
v.p.c. analysis, contained only a trace of this component. 
Component E. 1,2-dichloro-pent-3-ene, C1CH2-CHC1-CH=CH-CH^
(i) The percentage of chlorine in the sample which contained 
components D, E and H had indicated that this was a mixture of 
dichlorides.
(ii) Comparison of the v.p. chromatograms of the mixture 
before and after hydrolysis showed that this component was 
relatively stable towards cold water, but was hydrolysed by 
being shaken with aqueous silver nitrate or with aqueous alkali.
1. H.L, Goering, P.H. McCarron, J.A.C.S., 1956, 7^:2270-74.
I i l l
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After being refluxed with water, it was destroyed,giving rise 
to a new component suspected to be the stable chlorohydrin, 
1-chloro-2-hydroxy-pent-3-ene. This suggested that the dichlo­
ride E was the product of 1,2-addition.
(iii) The sample collected from separation of chlorination
product on the Autoprep had no u.v. absorption in the region
220-240 M/LL. Its i.r. spectrum was compared with the spectra
of 1,2-dichloro-but-3-ene and 1,4-dichloro-but-2-ene from the
literature. The characteristic absroption (at 915 cm ) due
to a terminal methylene group and present in 1,2-dichloro-but-
3-ene was absent from component E. Instead, a strong absorption
-1
appeared at 960 cm which suggested the presence of a carbon- 
carbon double bond with hydrogen atoms orientated in trans 
relation: (! = 6 ; such an absorption is characteristically
present in 1,4-dichloro-but-2-ene. Hence component E cannot 
be CH2=CH-CHC1-CHC1-CH^ ; it could, however, on this basis, be 
either C1CH2“CHC1-CH=CH-CH| , 1,2-dichloro-pent-3-ene, or 
C1CH2-CH=CH-CHC1-CH^ , 1,4-dichloro-pent-2-ene.
(iv) It was also shown (section on 5-chloro-penta-1,3-diene) 
that this compound was produced as a result of hydrochlorination 
of 5-chloro-penta-1,3-diene. This also is consistent with the 
structure 1,4-dichloro-pent-2-ene or 1,2-dichloro-pent-3-ene 
respectively.
(v) When the chloride mixture containing components D, E and 
H was allowed to stand in contact with a catalytic amount of 
ferric chloride or cuprous chloride, the relative proportions
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of the component E decreased and that of H increased. This 
was shown by v.p.c. analysis of the mixture before and after 
the treatment. For example, a mixture (b.p. 70^/45 mm) 
containing D, E and H had the following compositions before 
and after treating with cuprous chloride.
Component % before % after standing with CuCl
D 21 22
E 60 19.6
H 19 58.2
Such allylic rearrangement among similar chloro compounds 
has commonly been observed. Therefore, it was concluded that 
component E is the 1,2-dichloro compound, which undergoes 
allylic rearrangement to give the more stable 1,4-dichloride. 
The rearrangement did not go to completion, but reached an 
equilibrium after some time. It could, also be shown that 
when piperylene was chlorinated in methylene chloride the 
mixture usually contained more 1,2-dichloro-pent43-ene than
1.4-dichloro-pent-2-ene.
Component H. 1,4-dichloro-pent-2-ene, C1CH2-CH=CH-CHC1-CH2.
This component had rather a long retention time on the 
PEG A column. The deductions leading to its identification 
were in parallel with those for the previous component (E).
A sample collected from the Autoprep was shown to have an i.r. 
spectrum very similar toihat of the reported
1.4-dichloro-but-2-ene. In comparison with component E which 
we consider to be 1,2-dichloro-pent-3-ene, it seemed to be
118
a:
119
more stable to alkali but less stable to water. It was 
produced in higher proportion than 1,2-dichloro-pent-3~ene 
when the chlorination was made in carbon tetrachloride, but in 
smaller proportion when the solvent was methylene chloride.
All these chlorides were found to be present in the product 
of chlorination of piperylene, either in its neat form without 
solvent or in non-hydroxylic solvents such as ether, methylene 
chloride, chloroform, carbon tetrachloride, nitromethane and 
nitrobenzene. They occurred in various proportions under 
different conditions.
In the identification of products, emphasis had been made 
on the substitution products, namely, the monochiorides. At 
one stage, the hydrochlorination product, component A, was 
suspected to be a dienyl Lchloride of the structures
(a) CH^-CHzzCzzCH-CHgCl, (b) CHg=CH-CHCl-CH=CHg because of its 
instability, especially in water. The presence of an allenic 
monochloride (a) was excluded on the basis of an i.r. spectrum 
of a freshly prepared chlorination mixture. The characteristic 
absorption band of the allenic grouping (1950 cm” ) was absent. 
Since the 1,4-dienyl chloride (b) could not be prepared from 
the corresponding alcohol, it is not likely that it can exist 
in the reaction mixture without rearranging to the conjugated 
dienyl chloride. But we cannot exclude the possibility that 
it may be the precursor of the 5-chloro-penta-1,3-diehe.
120
12.3 KINETICS OF CHLORINATION.
Attempts had been made to measure the rate, at room 
temperature, of chlorination in dark flask in roughly 
equimolar ratio (0.01 mole) in the following solvents: methylene 
chloride, chloroform, ether, water and acetic acid. The 
procedure adopted was by mixing predetermined amounts of both 
reactants in solution and then withdraw aliquots into known 
volume of standard alkaline arsenite solution. The excess 
arsenite was titrated with standard iodine solution. 
Unfortunately, the method was found to be not adequate because 
the reaction was so fast that all the chlorine had reacted by 
the time any sample was withdrawn. Reactants at 0.001 M 
concentration were also tried, but titrations showed that no 
unreacted chlorine remained in the mixture when it was quenched 
in arsenite. The reaction must be very fast since no tinge of 
chlorine can be detected immediately after mixing (either by 
colour or with KI indicator). A sample of piperylene which 
was distilled after refluxed with maleic anhydride (and thus 
contained only cis-penta-1,3-diene and cyclopentene) was also 
tried, but the reaction was just as fast as with distilled 
technical piperylene which contained mainly the trans-isomer. 
Special techniques will be required to follow these very fast
reactions; probably electrochemical methods would be appropriate
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13. SOME PRELIMINARY EXPERIMENTS ON REACTION BETWEEN PIPERYLENE 
AND CHLORINE WATER, BLEACHING POWDER AND HYPOCHLOROUS ACID. 
Experimental procedure with each of these are described below;
(a) Chlorine water.
Because of the low solubility of piperylene in water, in 
order to build up a suitable amount of product mixture, a 
continuous procedure was devised. Chlorine water was shaken 
with small amounts of piperylene in a separating funnel and the 
aqueous layer run into another separating funnel to be 
extracted with ether. The remaining unreacted piperylene was 
shaken with another lot of chlorine water and the same repeated 
until a considerable amount of ethereal extract was obtained.
(b) Hyprochlorous acid.
Freshly distilled hypochlorous acid was prepared by 
shaking chlorine water with mercuric oxide and then distilled 
under water pump pressure. The solution of hypochlorous acid 
in water was then shaken with piperylene and the product 
extracted in ether.
(c) With bleaching powder.
Bleaching powder in a suspension of water was mixed and 
stirred with piperylene while pieces of solid carbon dioxide 
were added. When most of the piperylene layer had
disappeared the solution was filtered and the filtrate 
extracted with ether.
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Ethereal extracts were dried with anhydrous sodium sulphate 
and ether distilled off. The residue was analysed on the v.p.c 
It could be seen on the chromatogram that there were three new 
peaks appearing at retention times close to those of the 
dichlorides. Two of these appeared between E and H while the 
last one immediately following H. They were thought to be 
chlorohydrins and assigned P, G and I according to their order 
of appearance on the v.p.c.. The mixture was treated with 
water and sodium hydroxide solution and the results could be 
summarised as:
Component Reactivity
towards
water
Reactivity 
towards 
aq. NaOH
Probable formula
P easily easily CH^=CH-CHC1-CH0H-CH^
hydrolysed hydrolysed
G hydrolysed relatively CH^C1-CH=CH-CH0H-CH^
stable
I stable hydrolysed CH^Cl-CHOH-CHzzCH-CH^
The identity of these chlorohydrins have not been fully 
established. A few other evidences supporting these deductions 
are :
(a) A very reactive 1chlorohydrin was suspected to be present 
when fractions containing chlorohydrins were hydrolysed in 
alkali and their relative rates roughly estimated.
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Fraction 1 2 3
Boiling range 56-590/9-10 mm 62-65°/7 mm 66-67V4 mm
Refractive
Index
1.4555 1.4682 n 1.4751
% hydrolysed 
in aq. NaOH at 
end of 10 min.
(20°)
93/= 75/ 60/
The reported chlorohydrins obtained from bleaching powder
1 2and piperylene were: '
CHg=CH-CHCl-OHOH-CH^  ; CHgCl-CHOH-CH=CH-CH^  ; CHg-CH=CH-CH-CH^
Cl OH
b.p. 51/13 mm 66^/15 mm 82^/13 mm
201.4570; 1.4665 n-- 1.4760
The chlorohydrin 3-chloro-4-hydroxy-pent-1-ene was 
expected to be unstable in alkali anddthe high percentage of 
hydrolysed material in the first fraction seemed to indicate 
the presence^of this reactive chlorohydrin.
(b) It could be shown that 1,2-dichloro-pent-3-ene on aqueous 
hydrolysis gave rise to a new compound which resisted further 
hydrolysis and appeared at the same position as I.
However, further characterisation of these chlorohydrins 
is needed before any definite conclusion can be drawn. It 
would certainly be interesting to show the formation of
1. A.N. Pudovik, B.E. Ivanov, J.Gen.Chem. (U.S.S.R.) Englg  ^
Trans. 1956, ^:2129
2. A.N. Pudovik, B.E. Ivanov, Doklady Akad. Nauk, S.S.S.R. 1955, 
10^:443, through C.A. 1956, ^:5522
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3-chloro-4-hydroxy-pent-1-ene from piperylene because this 
means that addition can take place at the J,4 position which 
is quite contrary to expectation.
14. QUANTITATIVE EXPERIMENTS ON THE CHLORINATION OP PIPERYLENE.
The qualitative experiments showed that substitution 
products were formed in the chlorination of piperylene; it 
remained desirable to determine quantitatively the proportion 
of each components in the product mixture. The quantitative 
experiments were planned in order to find out the effect of 
the following on the product proportion:
(i) presence of nitrogen or oxygen;
(ii) the geometric isomers cis and trans;
(iii) variation of solvent ;
(iv) molar ratio of piperylene and chlorine (relative 
concentration of each reactants);
(v) temperature;
(vi) light, catalysts, and traces of water.
It was also intended to determine simultaneously the 
amounts of each substitution product and the hydrogen chloride 
produced as a measure of the precentage of chlorine used up in 
substitution reaction. However, this was not always possible, 
for the following reasons :
(1) Since not very much pure penta-1,3-diene was available in 
the cis or trans form, experiments had to be confined to small 
scale. Analysis of product is based on v.p.c. where the bulk 
of the solvent has to be fractionated off before submitting 
the sample to analysis.
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(2) The high volatility of piperylene and chlorine especially 
in a stream of gas makes the determination of the concentrations 
of reactants difficult.
(3) Some of the products are so volatile that they might be
lost in the stream of gas bubbling through.
(4) Hydrogen chloride formed in the reaction^has a certain
solubility in the solvents and can react instantaneously with 
piperylene. Even when a gas is bubbling into the reaction 
mixture, it is impossible to be sure that all the hydrogen 
chloride formed has been driven out. On the other hand, if
a very strong stream of gas is used, there is bound to be loss 
of reactants and.&products. The method of trapping the hydrogen 
chloride evolved in water solution and titrating the chloride 
ipns afterwards cannot be applied here because the products 
are themselves hydrolysable in water. These difficulties 
make it impossible to determine the amount of hydrogen 
chloride by a simple method.
(5) The temperature range which can be investigated is
limited by the high volatilities of both reactants.
14.1 METHOD PGR QUANTITATIVE EXPERIMENTS.
A pear-shaped 3-necked flask (BIO, 25 ml) was fitted with 
a gas inlet (dipping right to the bottom), a dropping funnel 
and a gas outlet. A piece of T-tube was provided to join the 
gas inlet and the dropping funnel so that when stream of gas 
was allowed to bubble into the vessel, the other reactant in 
the dropping funnel could be added under the pressure of the 
gas stream. Connected to the outlet was a trap containing the
126
solvent. This collected any chlorine, or piperylene or 
product which might be blown over by the stream of gas; analysis 
on this solvent could be made later. The pure cis (or trans) 
penta-1,3-diene (1 ml) was pipetted into a weired empty 
volumetric flask (10 ml) and weighed; the solvent (9 ml) was 
added, and the final weight taken. This gave a stock solution 
of accurately known concentration about 1 M. A solution of 
chlorine was freshly made and its concentration was roughly 
determined by pipetting a known volume into an iodine flask 
containing potassium iodide solution and titrating this against 
standard sodium thiosulphate solution.
The piperylene solution (1 ml) was transferred into the 
reaction flask and allowed to come to the required temperature 
while a slow stream of gas (nitrogen or oxygen) was bubbled 
through. 1 ml of the chlorine solution which had come to the 
required temperature was pipetted into the dropping funnel and 
at the same time another ml was pipetted into a solution of 
potassium iodide for accurate determination of chlorine. The 
chlorine solution was added from the dropping funnel in the 
presence of a flow of gas. After all the chlorine solution 
had been added, the reaction mixture was fractionated on a 
small fractionating column to remove the solvent and unreacted
piperylene. The distillate fractionated off was checked on 
the v.p.c. for any product which might have been distilled 
over. The residue was put into the v.p.c. for analysis. At 
the same time, the trap containing solvent could be tested for 
chlorine and volatile products. It was found that after some
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trials that the gas flow did not carry any product with it 
(except some 4-chloro-pent-2-ene when the flow of gas was very 
strong). But chlorine was detected in the trap when chlorine 
concentration was greater than 0.5 M, and the amount of chlorine 
collected in the trap could be determined by thiosulphate 
titration and the necessary correction made.
It was necessary to run all chromatograms of one sample 
within a day because chromatograms run after long delay 
sometimes resulted in loss of the monochloro compounds due to 
reasons unknown, probably volatility or polymerisation. The 
effect of heat on the relative proportion of each component 
in the mixture was investigated by heating a portion of a 
freshly made sample under reflux on an oil bath of 70^ and 
sample analysed on the v.p.c, at intervals. No obvious change 
in the percentage could be detected after heating for three 
hours.
14.;:
14.2 RESULTS OP QUANTITATIVE EXPERIMENTS.
Experimental results were grouped together for 
convenience to see the effects of various factors. The 
experiments were done in pyrex glass apparatus under the 
normal lighting of the laboratory. Since the same reaction
products were obtained under conditions favourable to free 
radical formation, it could be concluded that the reaction was 
ionic. The effect of strong irradiation has not been studied.
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TABLE II
RESULTS: EFFECTS OF OXYGEN AND NITROGEN.
Temperature: 20^.
Geometric Solvent 01
isomer
Gas B C E H
(O^ H.^ Cl)(O^ O^l)(O^ HgC]^  (C^HgCy
vinylic allylic 1,2- 1,4-
Cis GHgClg 0.45:1 Ng 60.7 8.8 16.8 13.6
Cis CHgClg 0.435:1 Og 56.8 10.8 19.6 12.7
Trans 001^ 0.27:1 Mg 27.7 4.56 34.7 33.1
Trans CCl^ 0.30:1 Og 23.3 3.4 25.8 45.9
Cis CCI4 0.465:1 Ng 18.1 16.6 28.4 36.9
Cis CCI4 0.5:1 Og 16.8 18.0 3O.O 35.0
Cis CCI4 0.24:1 Ng 22.5 20.2 24.4 31-9
Cis CCI4 0.265:1 Og 23,1 15.5 29.7 31.7
Cis CCI4 1.5:1 Ng 9.4 20.1 25.0 44.9
Cis CCI4 1.68:1 Og 4.1 17.6 34.8 43.4
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TABLE III
RESULTS: COMPARISON OF GEOMETRIC ISOMERS
Temperature : 20^
Geometric Solvent Cl^^C^Hg Gas 3 
isomer
E H
(C^ a^ Cl) (C^ H^ C^l) (C^ t^ CDg) (C^HgCy 
vinylic allylic 1,2- 1,4-
Cis CHgClg 0.22:1 Kg 52.4 10.4 18.7 18.3
Trans CHgClg 0.285:1 Kg 57.0 10.0 23.0 9.0
Cis CHgClg 1.1:1 Og 29.0 7.7 29.5 33.8
Trans CHgClg 1.24:1 Og 25.2 13.1 35.4 26.1
Cis CCI4 0.265:1 Og 23.1 15.5 29.7 31.7
Trans CCl^ 0.3:1 Og 23.3 3.4 25.8 45.9
Cis CCI4 0.24:1 Ng 22.5 20.2 24.4 31.9
Trans CCl^ 0.27:1 Ng 27.7 4.6 34.7 33.0
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TABLE IV
RESULTS: EFFECT OF SOLVENT.
Temperature: 20°.
Geometric
isomer
Solvent Gas B C E  
(C^ H.yC]J (C^ HyCl) (C^ HgClg 
vinylic allylic 1,2-
H
)(%HgC
1,4
Cis CHgClg 0.435:1 °2 56.8 10.8 19.6 12.7
Cis CCI4 0.5:1 °2 16.8 18.0 30.0 35.0
Cis CHgClg 0.475:1 N2 53.2 10.7 19.8 16.2
Cis CCI4 0.465:1 Ng 18.1 16.6 28.4 37.0
Cis CHgClg 0.22:1 Ng 52.5 10.4 18.7 18.3
Cis CCI4 0.24:1 Ng 22.5 20.2 24.4 31.9
Cis CHgClg 1.63:1 N2 26.1 10.9 29.1 33.7
Cis CCI4 1.5:1 N2 9.4 20.1 25.0 45.0
Cis CHgClg 1.1:1 O2 29.0 7.7 29.5 33.8
Cis CCI4 0.83:1 Ng 14.2 24.9 23.2 37.5
Trans CHgClg 0.285:1 Ng 57.0 10.0 25.0 9.0
Trans CCI4 0.27:1 Ng 27.7 4.6 35.0 33.0
Trans CHgClg 1.24:1 °2 25.2 13.1 35.4 26.1
Trans CCI4 1.43:1 °2 21.7 16.3 28.0 34.0
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TABLE V
RESULTS: EFFECT OF Clg:C^Hg RATIO.
Temperature: 20
Geometric
isomer
Solvent ClgjC^Hg Gas B C E  H 
(C^Cl) (CjH^ C^l) (C^HgCy (C^HgCl 
vinylic allylic 1,2- 1.4-
Cis CHgClg 0.22:1 Ng 52.5 10.4 18.7 18.3
Cis CHgClg 0.475:1 N^ .,.-53.2 10.7 19.6 16.2
Cis CHgClg 1.63:1 N^. 26.1 10.9 29.1 33.7
Cis CHgClg 0.435:1 °2 56.8 10.8 19.6 i 12.7
Cis CHgClg 1.1:1 °2 29.0 7.7 29.5 33.8
Trans CHgClg 0.86:1 Og 36.1 9.2 34.9 19.7
Trans CHgClg 1.24:1 °2 25.2 13.1 35.4 26.1
Cis CCI4 0.24:1 Ng 22.5 20.2 24.4 31.9
Cis CCI4 0.465:1 Ng 18.1 16.6 28.4 36.9
Cis CCI4 0.83:1 Ng 14.2 24.9 23.2 37.5
Cis CCI4 1.5:1 Ng 9.4 20.1 25.0 45.0
Cis CCI4 0.265:1 °2 23.1 15.5 29.7 31.7
Cis CCI4 0.5:1 °2 16.8 18.0 30.0 35.0
Cis CCI4 1.68:1 °2 4.1 17.6 34.8 43.4
Trans CCI4 0.3:1 °2 23.3 3.4 26.0 46.0
Trans CCI, 1.05:1 O9 13.8 10.3 27.4 48.5
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TABLE VII
EFFECT OF TEMPERATURE ON SUBSTITUTION:ADDITION.
Temp.(°C) Subn.(/) Addn.(^ log^QAdd/Sjib. log^^Add/Sub. +1
xIO^
-70° 5.00 , 39.6 60.3 0.1847 1.1847
-20° 3.95 58.8 42.7 1.8603 0.8603
0° 3.66 58.9 41.0 T .8388 0.8388
20° 3.41 63.9 36.0 T.7482 0.7482
37° 3.23 61.7 38.4 1.7889 0.7889
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DISCUSSION
15. ADDITION OP HYDROGEN CHLORIDE TO PENTA-1,3-DIENE.
15.1 KINETICS.
The rates of addition of hydrogen chloride to penta-1,3-
diene in methylene chloride and in chloroform are measurable
of
and are found to be quite fast. But loss/hydrogen^chloride by
volatility does not allow an accurate run by the procedure
adopted. On the other hand, the reaction in ether solution is
so slow that no hydrogen chloride seemed to have reacted after
reactants have been mixed for several days. The effect of
solvent on the rate of similar reactions had been noticed a
1
long time ago. It had been found that hydrobromination and
hydrochlorination of cyclohexene and hexene were rapid in
solvents such as xylene and heptane which were classified as
non-donor solvents, but were extremely slow in solvents like
ether and dioxane. It was suggested that substances containing
an electron-donor atom, such as oxygen and nitrogen, would
combine with the electron-seeking reagent and thus reduce the
rate of its reaction with the olefins. The observed
retardation in ethereal solution on the rate of hydrochiorinaticn
of penta-1,3-diene falls in line with this pattern. But the
exact role of the solvent is not perfectly clear. Studies on
the solubilities of hydrogen chloride in various solvents show
that in solvents without oxygen and nitrogen atoms the ^
2
solubility of hydrogen chloride follows Raoult's law. In
1. G.E. Henni on, P. O’Connor, L.H. Baldinger, R.R. Vogt, 1. 
J.A.C.S., 1939, £1:1454
2. W. Gerrard, Chem. and Ind., 1958:894
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hydrochlorination (4-chloro-pent-2-ene) was present in the 
reaction product. This seems to indicate that at least some 
of the hydrogen chloride gas reacts almost instantaneously 
with piperylene as it is produced in the process of chlorination 
rather than with ether. Prom these experiments, we might 
interpret the observations in the following way. In solvents 
such as chloroform and methylene chloride, there is no 
coordination between the solvent and hydrogen chloride, and 
the reaction of hydrogen chloride on piperylene is fast even 
at low concentration. But in ether, hydrogen chloride tends 
to associate with the lone pairs of electrons of the oxygen 
atoms, and therefore it has little affinity for piperylene.
15.2 PRODUCT OP HYDROCHLORINATION.
(A) Experimental result. The product isolated from the 
hydrochlorination of penta-1,3-diene was 4-chloro-pent-2-ene 
which could be the result of 1,2-and /or 1,4-addition. The 
possibility that the 3,4-adduct was present in the product 
could be excluded on grounds of the n.m.r. spectrum of the 
product. V.p.c. analysis also showed that 4-chloro-pent-1-ene 
(from 3,4-addition) is not present, or at the most, formed 
less than 1.5^ in the product. These facts lead to the belief 
that 3,4-addition product is not formed. The fact that 
4-chloro-pent-2-ene is the only isolated product from 
hydrochlorination of penta-1,3-diene has been observed by 
previous workers (section 6.2).
It has also been shown that 4-chloro-pent-2-ene obtained 
from penta-1,3-diene consists mainly of the trans-isomer.
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Examination on the isolated product by i.r., v.p.c. and rates
of hydrolysis did not give conclusive evidence to exclude the
presence of cis- 4-chloro-pent-2-ene. Furthermore, little is
known about the cis-chloride; it has only been briefly mentioned,^
and no information is available on its stability. There is the
possibility that the cis-chloride would be energetically less
stable than the trans-isomer, and therefore would rearrange
itself to the latter spontaneously. Therefore, the presence or
absence of the cis-isomer of 4-chloro-pent-2-ene in the initial
product of hydrochlorination cannot be fully substantiated.
(B) Mechanism of reaction. Prom this study, it is possible to
reconcile the mechanism of hydrochlorination of penta-1,3-diene
with'that of buta-1,3-diene.
Initiation of reaction. In terms of the two-step mechanism,
the initial attack of the electrophilic proton is at the terminal
position of the conjugated chain. Prom buta-1,3-diene, 1-chloro-
but-2-ene and 3-chloro-but-1-ene are the products formed by
2 3hydro chlorination; no 4-chloro-but-1 -ene is found. In the
case of penta-1,3-diene, the methyl group at the end of the 
chain makes the molecule unsymmetrical and its inductive effect 
tends to drive the electron towards the other end of the chain. 
The observed dipole moment, 6.8 D, has been interpreted as the 
result of hyperconjugation of the methyl group. This gives
1. C. Walling, W. Thaler, J.A.C.S. 1961, 8^:3877
2. M.S. Kharasch, J. Kritchevsky, P.R. Mayo, J.O.C. 1937, 2 : A 8 9
3. A.I. Heame, P.W. Haekl, J.A.C.S., 1941, £3:3474
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rise to contributing structures in which charge-separation is 
considerable. Therefore, it is expected that when penta-1,3- 
\ diene is in reaction with an electrophile, the position of
initial attack will be at the carbon atom 1 and not at carbon 
atom 3- This shift of 7r electrons is expected to be aenhanced 
under the influence of a strong electrophile. Isolation of 
4-chloro-pent-2-ene from hydrochlorination of penta-1,3-diene 
supports this speculation. This observation provides an 
excellent example of the electronic effect of the methyl 
substituent, and illustrates the importance of electromeric 
effect in determining the orientation of electrophilic addition 
to conjugated system.
By analogy with buta-1,3-diene, the carbonium ion formed
after the first stage would be a resonance hybrid of the
structures:
+ +
CHg-CH-CH=CH-CH^ <---- > CHg-CH=CH-CH-CH^
H H
The two resonance structures of the allylic ion might be 
considered identical if the newly formed C-H bond were 
equivalent to all other carbon-hydrogen single bonds in the 
molecule.
Second step. The second step is completed"hy the addition 
of a nucleophilic ion to the positively charged carbon. Because 
resonance structures are possible for the intermediate 
carbonium ion, there are two positive centres at which nucleo­
philes can attack. Whereas in addition to buta-1,3-diene the
addition of a chloride ion on the 2-and the 4-carbon atoms
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gives rise to 3-chloro-but-1-ene and 4-chloro-but-2-ene, for
penta-1,3-diene, the addition of chloride ion to either of the
positive centres of the intermediate gives 4-chloro-pent-2-ene.
In other words, both 1,2-and 1,4-addition give the same chloride,
though (as is discussed below) the internal structure of the
molecule might differ, e.g. positions of hydrogen atoms at the
double bond, since cis-and trans isomers are possible depending
on the configuration and conformation of the starting penta-1,3-
diene. Unlike buta-1,3-diene, where the relative proportion of
1,2 to 1,4-addition can be found from the proportion of the two
respective products (which have different structures) under
kinetically controlled conditions, the ratio of 1,2:1,4-
hydro chlorination on penta-1,3-diene cannot be estimated in
this way. If deuterium chloride were used, the two products
arise from the two modes of addition would be different,
CHg-CH-CH=CH-CH^ and CHg-CH=CH-CH-GH.
I 2 I 3 I 2 I 3
D Cl D Cl
The observation for buta-1,3-diene has indicated that
1,2-addition product is more preponderant under conditions which
do not favour conversion of 3-chloro-but-1-ene into
1
4-chloro-but-2-ene.
.1
(C) Possibility of non-terminal initiation. Kharasch and Mayo, 
in their pioneer work on buta-1,3-diene, had formulated in their 
discussion that three chlorides were possible from 
hydrochlorination; the third one being 4-chloro-but-1-ene, the 
result of addition of and Cl” on the 3 and 4 carbon atoms
1. M.S. Kharasch, J. Kritchevsky, P.R. Mayo, J.O.C. 1937,£:489
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respectively. In other words, should proton addition be the 
initial step, then, 4-chloro-but—1-ene could only be derived 
from buta-1,3~diene if non-terminal initiation had taken place. 
Since this particular chloride has not been found in the 
hydrochlorination of buta-1,3-diene under heterolytic condition, 
it has been generally concluded that conjugated dienes, as a 
rule, undergo electrophilic addition by terminal initiation.
Considering the hydrochlorination of penta-1,3~diene, 
random addition of hydrogen and chlorine (from one molecule of 
hydrogen chloride) across the double bonds can give rise to 
the following isomers:
I. CH^-CH=CH-CHC1-CH^ ; addition of and Cl" on 1,2 and
1,4-carbon atoms respectively.
II. CH^-CH-CH-CH=CH_ ; addition of and Cl" on 3,4 carbon
^ atoms respectively.
III. CH^-CH=CH-CH-CHg addition of'H^ and Cl" on 2,1 carbon3 , I 2 ;
H Cl atoms respectively.
IV. CHj-CH-CH-CH=CH2 ; addition of H'*’ and Cl" on 4,3 carbon
H Cl atoms respectively.
Of these four isomers, only I is expected from the two-step 
mechanism involving initial electrophilic addition at the 
terminal carbon followed by nucleophilic addition. In 
accordance with the accepted two-step mechanism of this kind 
of electrophilic addition whereby the first stage is generally 
initiated by the electrophile (proton), the formation of the 
other isomers would require non-terminal initiation. In other
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words, proton attack occurs on carbon atoms which are not 
situated at end of the conjugated chain. Specifically, the 
formation of III would be contrary to the Markownikoff’s rule. 
Since under heterolytic conditions no exception to Markownikoff*s 
rule has been observed, and moreover, since buta-1,3-diene had 
been shown not to give 4-chloro-but-1-ene, the possibility of 
III can be excluded. The isomer IV can also be excluded, since 
the n.ra.r. and i.r. spectra of the isolated product do not 
indicate the presence of a terminal methylene group, (CH2=).
We were particularly interested in the formation of any
1 23,4-addition product since in a Russian report  ^ on the 
reaction of bleaching powder on penta-1,3-diene, a high 
proportion of 3,4-adduct, 3-chloro-4-hydroxy-pent-1-ene, was 
found to be present in the product mixture together with the
1,2- and 1,4-addition product. The possible presence of II 
has been investigated by similar methods, including independent 
synthesis of 4-chloro-pent-1-ene and comparison of its retention 
time on the v.p.c.. Detailed analysis has shown, however, 
that 1.5^ of this could be detected (in presence of 4-chloro- 
pent-2-ene) on the v.p.c.. Since the chromatogram of the 
isolated product did not show sign of II, it is concluded that 
the maximum amount of II which could have been formed is less 
than 1.5%
1. A.N. Pudovik;, B.E. Ivanov, J. Gen. Chem. (U.S.S.R.) Engl. 
Trans. 1956, 26:2129
2. A.N. Pudovik, B.E. IVanov, Doklady Akad. Nauk. (U.S.S.R.) 
1955, 103:443, through C.A. 1956, 50:5522
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All experimental evidence so far obtained seems to 
indicate that non-terminal initiation of proton addition has 
not occurred. This is in agreement with the idea that systems 
of conjugated double bonds are best considered as one unit and 
that the electron densities of such system are normally expected 
to be highest or at least to be most easily developed at the 
end of the chain. This tendency appears to be enhanced by the 
presence of the methyl group at the end of the diene chain 
which causes inductive as well as hyperconjugative effects on 
the Tf electrons.
Another piece of evidence supporting the terminal initiation 
on conjugated dienes can be seen in the case of polar 
hydrobromination of hexa-2,4-diene^ which gives 4-bromo-hex-2- 
ene and 2-bromo-hex-3-ene. ,CH,-CH=CH-CH-CH,-CH,
I TTBt' I tI)
CH^-CH=CH-CH=0H-CH^ --------< Br
, loHj-OH-OHsCH-CHgCHj 
Br
In this symmetrical diene, the 1,3-diene system is activated 
by methyl groups at both ends; the position of electrophilic 
attack, however, is still at the terminal carbon atom of the 
dienic chain. Significant attack at the middle carbon atoms 
would be expected if the double bonds were not in conjugation.:^ 
Hexa-2,4-diene should, therefore, be considered as a substituted 
buta-1,3-diene because of the unique character of Jt electron 
system which embraces the whole molecule, rather than as two 
units of propylene.
1. E.H. Parmer, P. Marshall. J.C.S. 1931 • 129
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(D) Configuration of the isolated 4-chloro-pent-2-ene
Prom consideration of molecular models of penta-1,3-diene 
and their different reactivities, Craig has suggested that 
cis-isomer probably reacts in the 'chair* form whereas the 
trans-isomer reacts in the 'boat* form. Since 1,2-and
1,4-addition of hydrogen chloride are possible, the 
configuration of the expected product would depend on the 
mode of addition on each isomer.
Por 1,2-addition, the configuration at the double bond
between carbon 3 and 4 will be unaffected, which means that
trans-penta-1,3-diene would give trans-4-chloro-pent-2-ene;
the corresponding cis chloride would be obtained from the
cis hydrocarbon. i^4
i n   ^\ it
C = c
os 'ch»ir' ^
K I-*
H d . c -
CIS ' boat C‘SCMoric(ji,
j r M ^
\  ^ I, Z 1^°'^ H ,^ 3^
H -C ^  H
^ C M "C -C^
, .1
4^(XV\S \ H
D. Craig, J.A.C.S., 1943, 65:1006 , ,, ,
  C k i o n d t ,
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Por 1,4-addition, the cis 'chair* and the trans 'chair* 
forms both give rise to trans-chloro-pent-2-enet
_  /H ^
cis 'chair* trans-chloride trans * chair*
Cis-chloride can however be derived by 1,4-addition to the 
cis 'boat*or to the trans 'boat* form.
u cHg
yH ; /«3
cis ('boat' cis-chloride trans 'boat*
Thus it can be seen that trans-4-chloro-pent-2-ene could 
be derived from 1,2-addition to trans-penta-1,3-diene and from
1.4-addition to 'chair* form of cis- and trans-penta-1,3-diene.  ^
The cis-chloride could be derived from the 1,2-addition of 
cis-penta-1,3-diene and from 1,4-addition to the 'boat* form
of cis- and trans-penta-1,3-diene.
The commercial technical piperylene contains about 83^ of 
the trans-penta-1,3-diene and 7% of the cis-penta-1,3-diene, 
and the product of hydrochlorination contains a large 
proportion of the trans-chloride. If Craig's suggestion that 
trans-penta-1,3-diene reacts more favourably in the 'boat* 
form is correct, then the formation of trans-4-chloro-pent-2-
ene should be due to 1,2-addition to trans-penta-1,3-diene and
1.4-addition to the cis 'chair*. Since the starting hydrocarbon 
contains a lot more of the trans isomer, then, to account for
the trans-chloride. 1,2-addition probably is more predominant.
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The product obtained from hydrochlorination of piperylene 
has been analysed by several methods in order to establish the 
presence or absence of any cis-4-chloro-pent-2-ene. These 
methods included i.r., n.m.r. and kinetics of hydrolysis. But 
it was still not possible to draw any definite conclusion from 
the observation and results. It is therefore, not possible to 
deduce the relative proportion of the geometric isomers of 
4-chloro-pent-2-ene in the product, and the relative importance 
of the probable modes of addition which give rise to them. The 
fact the trans-4-chloro-pent-2-ene constitutes a large 
proportion of the produce of hydrochlorination seemed to 
indicate that 1,2-addition may be more important.
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16. REACTION OP CHLORINE WITH PENTA-1,3-DIENE IN APROTIC 
SOLVENTS.
16.1 REACTIVITY OP PENTA-1,3-DIENE.
Although some satisfactory correlation between the
structure of substituted olefins and their reactivities towards
1
halogens have been demonstrated, there exist no kinetic data 
for any dienes, whether conjugated or not. A number of 
conjugated dienes have been halogenated but the scope of the 
studies was restricted to the identification and distribution 
of the products only. The rate of chlorination of penta-1,3- 
diene has been found to be very fast, and titration methods 
for kinetic studies are not applicable.
16.2 PRODUCTS OP CHLORINATION.
The product mixtures from the chlorinations of penta-1,3- 
diene in various inert solvents and under different conditions 
have been investigated on the IPEG \A column of a PYE 
Panchromatograph. The following observations are important.
(1) The column was not capable of differentiating geometric 
isomers of the same molecular structure. It has been found 
that a mixture of cis-and trans-penta-1,3-diene is not 
separated. Moreover, the chromatogram of a product mixture 
from cis-penta-1,3-diene appeared to be identical to that from 
a mixture obtained from trans-penta-1,3-diene; it is therefore 
concluded that geometric isomers of close boiling range are not 
resolvable on this column. Structural isomers, however,
1. J.E. Dubois et al, Tetrahedron Letters, 1965 : 303-308
147
appeared to be separated on the column. We have assumed, 
therefore, in the identification of those chloro-compounds for 
which geometric isomers are possible, that no differentiation 
is made between geometric isomers, a single peak on the 
chromatogram which represents one structural isomer is taken 
to include mixture of all its possible geometric isomers.
(2) Since the same components (structural isomers) are 
obtained from the chlorination of cis-penta-1,3-diene and 
trans-penta-1,3-diene, and since the product-distribution does 
not vary significantly with the two geometric isomers, it is 
assumed that as far as chlorination is concerned, both isomers 
probably react via the same pathway.
(3) The product mixture has been shown to be quite stable to 
mild heating; it was shown by v.p.c. analysis that the • 
composition of the product mixture is not affected after it 
has been heated for three hours at 70^. Therefore, in the 
quantitative experiments, the proportions.of products obtained 
by v.p.c. analysis of the reaction mixture after mild heating 
have been taken as a true representation of the composition 
of the initial product mixture and that isomérisation has not 
taken place under these conditions.
(4) The reaction mixture obtained by chlorination under 
nitrogen and oxygen have been shown to be identical. The same 
components are formed and the percentages of each isomer do 
not vary with respect to the gas used in the reaction. This 
observation indicates that the pathway for the reaction between
chlorine and penta-1,3-diene is the same under two different
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gases. The significance of this lies on the fact that oxygen 
can act as a radical inhibitor and is therefore capable of 
prohibiting propagation of free radicals. Hence, chlorination 
of penta-1,3-diene under oxygen is not likely to involve free 
radicals, but rather ionic species. In the presence of 
nitrogen, conditions are more favourable for a free radical 
reaction; but, since the same compositions of product are 
obtained under the two gases, it may be concluded that this 
chlorination reaction is essentially heterolytic in nature 
and not homolytic.
(5) The product from chlorination of technical piperylene was 
shown to contain an extra component which was absent (or 
present in only very small amount) in the mixture from 
chlorination of pure penta-1,3-diene. This extra component 
could be shown to be 1,2-dichloro-cyclopentane, produced from 
the cyclopentene which presents in the technical piperylene 
as an impurity (up to 8 f o ) , However, when pure cis-^ and 
trans-penta-1,3-diene are chlorinated, the products have been 
shown to contain the following compounds (compare with table I):
(A) 4-chloro-pent-2-ene (CH^-CH=CH-CHC1-CH^)
(B) 1-chloro-penta-1,3-diene (C1CH=CH-CH=CH-CH^)
(C) 5-chloro-penta-1,3-diene ( C1CH2-CH=CH-CH=C;H2 )
(E) 1,2-dichloro-pent-3-ene (C1CH2-CHC1-CH=CH-CH^) ;
(H) 1,4-dichloro-pent-2-ene (C1CH2-CH=CH-CHC1-CH^) .î
The properties of these compounds used for their 
identification are briefly summarised as follows.
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gave a component which had similar spectra (u.v. and i.r.) and 
the same retention time on the same v.p.c. as this stable 
chloride.
(C) 5-Chloro-penta-1,3-diene: a component of this structure
was deduced to be present because of its instability towards 
hydrolysis. Its u.v. spectrum shows strong absorption in the 
region 220-240 , a sign of conjugated double bonds. By an
independent synthesis of 5-chloro-penta-1,3-diene via penta-1,4- 
dient-3-ol (from vinyl magnesium bromide and ethyl formate in 
tetrahydrofuran:
CH2=CHMgBr + HCOOEt ---- > CH2=CH-CH0H-CH=CH2 — ^
+ SOClg or HCl   CH^=CH-CH=CH-CH2C1)
the properties of 5-chloro-penta-1,3-diene have been 
investigated; inoluding its i.r., u.v., and n.m.r. spectra and 
the rate of solvolysis in 50^ ethanol. Comparison of various 
properties and retention times on two different v.p.c. 
columns (viz. PEG A and silicone gum) have shown that 5-chloro- 
penta-1,3-diene is identical this component of the product
mixture.
(E) and (H) 1,2-Dichloro-pent-3-ene and 1,4-dichloro-pent-2-ene.
Formation of these two dichlorides was expected, and for 
their identification, we have relied on an analysis of a 
fraction of product which had a chlorine content corresponding 
to the molecular weight of C^HgCl^ (this fraction also contained
1.2-dichlorocyclopentane derived from cyclopentene). The
1.2-dichloride was found to rearrange into the 1,4-dichloride
when catalysed by cuprous chloride or ferric chloride.
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I.r, spectra of the two chlorides and their reactivities 
towards water and alkali provided evidence to their identity. 
The 1,2-dichloride was relatively stable towards cold water, 
but on heating under reflux with water, it was converted into 
a chlorohydrin which resisted further hydrolysis. The 
chlorohydrin was probably 1-chloro-2-hydroxy-pent-3-ene. The
1,2-dichloro-pent-3-ene, as compared with 1,4-dichloro-pent-2- 
ene was found also to be less stable towards dilute alkali and 
towards silver nitrate.
All these chlorides were found to be present in the 
reaction product of chlorine on penta-1,3-diene when the 
relative ratio of chlorine to penta-1,3-diene was between 0.2 
to 2(01^:C^Hg). A large excess of chlorine gave rise to 
polychlorides, probably through secondary reactions.
16.3 REACTION MECHANISM.
Ittis well known that reaction between halogen and olefins 
can be classified under two categories according to their 
reaction pathway or mechanism: homolytic (free radical) and 
heterolytic (ionic or polar). Since in these two different 
classes of reactions, the reacting species are different, the 
products are usually not identical. Thus, it has been found 
that chlorination of cyclohexene^ under conditions favourable 
to homolytic reaction (under nitrogen), the products obtained 
were: trans-1, 2-dichlorocy.clohexane. 3-chloro-cyclohexene and
1. M.L. Poutsma, J.A.C.S., 1965, 87:2161.
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4-chloro-cyclohexene; when the same reaction was carried out
in the presence of a free radical inhibitor (oxygen) the
products were trans-1,2-dichloro-cyclohexane and 3-chloro-
cyclohexene. In another system, chlorination of trans-but-2- 
1ene under nitrogen gave 3-chloro-but-1-ene, 1-chloro-trans-
but-2-ene; and meso-and dl-2,3-dichloro-butane; whilst
chlorination of the same olefins in oxygen gave 3-chloro-but-1-
ene and meso-2,3-dichloro-butane. Prom these and similar
experiments, it is generally concluded that halogénation of
olefins under oxygen involves ionic species because oxygen
acts as an inhibitor in free radical chain propagation; whereas,
under nitrogen^ in the absence of any inhibitor, radical chains,
if they have been initiated between the olefin and chlorine,
can be easily propagated to give products of radical chain
reaction. Thus, the effect of oxygen and nitrogen on the
products of halogénation can be used to provide evidence
whether radical or ionic reactions are under observation.
It has also been pointed out by Poutsma,^ nthat olefins
which bear two alkyl groups on one end of the double bond
undergo chlorination via the ionic pathway rather than via the
free radical pathway even in the absence of oxygen. Similarly,
from a study of the chlorination of isoprene in carbon
2
tetrachloride, Hawkins and Philpot claimed that they obtained 
identical mixtures of products whether nitrogen was present or 
not. It seems that sufficiently activated systems will react
1. M.L. Poutsma, J.A.C.S., 1965, 8?:2172
2. E.G.E. Hawkins, M.D. Philpot, J.C.S. 1962:3204
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by the ionic path even in very aprotic conditions.
Therefore, since we have found that the same mixture of 
products is formed from chlorination of penta-1,3-diene under 
nitrogen and oxygen, we have tentatively concluded that the 
reaction is essentially ionic, hence, independent of radical 
inhibitor or initiators. The fact that the use of oxygen and 
nitrogen has no effect on product distribution on the 
quantitative chlorination experiment further supports our 
assumption that penta-1,3-diene reacts with chlorine by the 
ionic path.
The presence of the same substitution as well as addition 
products among the reaction mixture from both geometric 
isomers of penta-1,3-diene indicates that a common mechanism 
may be applicable for both isomers and that substitution and 
addition reactions are taking place simultaneously. In 
accordance with the existing theory for such reaction, a two- 
step mechanism involving a positively charged carbonium ion 
intermediate may be postulated as follows:
CH2=CH-CH=CH-CHg + 01^
i
CHo-CH-CH-CH-CH, + Cl
01CH=CH-CH=CH-CH. OHg-CH-CH=CH-CH.3 I 2 j 3
Cl Cl
CHg=CH-CH=CH-CHg Cl CH^-CH=CH-CH-CH.2 2 I 2 I 3
Cl Cl
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Initial step. Electrophilic attack of chlorine at the 
carbon atom 1 of penta-1,3-diene gives rise to a carbonium ion 
intermediate. Since penta-1,3-diene is a conjugated diene, the 
carbonium ion is expected to be allylic and therefore is
probably a resonance hybrid represented by:
'CH2-CH=CH-CH-CH^] 
Cl
CH2-&-CH=CH-CH^ f—  >
Cl -1
or CH^-CH^'CH-CH-CH. ^I 2 3
Cl
The structure of the carbonium ion intermediate may depend 
on the environment and full discussion of this intermediate 
requireScrspecial consideration of the medium. It has been 
pointed out that in solvents of low dissociating power, ion 
pairs might exist, where the intramolecular bonding of chlorine 
is not completely broken. The carbonium ion follows two paths 
in the second step of the reaction whereby substitution and 
addition products are formed.
Second step. (a) Substitution. Loss of a proton from the 
chloromethyl (CH^Cl) group results in 1-chloro-penta-1,3-diene, 
i.e. the vinylic chloride. Loss of a proton from the methyl 
group gives 5-chloro-penta-1,3-diene, the allylic chloride.
(b) Addition. Neutralization of the carbonium ion by the up 
take of a chloride ion at (i) the carbon atom 2 will give
1,2-dichloro-pent-3-ene, and at (ii) the carbon atom 4 will 
give 1,4-dichloro-pent-2-ene.
These two processes which the carbonium ion undergoes are
1. M.J.S. Dewar, R.C. Fahey, Angewandte Chemie, Int. Edn., 
1964, 3:245
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probably competitive and parallel. This mechanism seems to be 
satisfactory in explaining the simultaneous formation of two 
kinds of products via a common intermediate. On the other 
hand, it is consistent with the accepted mechanism for 
electrophilic addition on conjugated dienes when substitution 
reaction accompanies addition.
It seems that such a mechanism might appropriately account 
for most of the known halogénations of conjugated dienes for 
which addition and substitution reaction are known to be 
concurrently taking place. Many suitably activated monoalkenes 
and conjugated dienes have been found to give off hydrogen 
chloride when they are halogenated.^ Unfortunately, in the 
reports on studies of most of the dienes, detailed descriptions 
of the products are not given. This has deprived us of the 
chance of testing the proposed mechanism by comparison with 
results for these systems. It is also difficult to be sure 
whether the hydrogen halides were formed from dienes by 
substitution or by hydrolysis of the very reactive allylic 
dihalides which were likely to be present in the product. Our 
own results for chlorination of penta-1,3-diene make us feel 
that we should treat experimental results of this kind with 
reserve until the products of the reaction have been more 
thoroughly investigated, since some of the allylic halides 
formed by substitution or hydrochlorination can be very easily 
hydrolysed.
1. References in section 3*1 and 5.1
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16.4 DISCUSSION OP RESULTS.
(A) Formation of hydrochlorination product.
Isolation of 4-chloro-pent-2-ene as a product of
chlorination of penta-1,3-diene seems interesting because this 
indicates that hydrogen chloride is being produced in the 
reaction. This might also suggest the readiness of penta-1,3- 
diene in undergoing hydrochlorination.
(B) Formation of substitution products.
If the halogénation process of penta-1,3-diene is assumed 
to follow the mechanism suggested for isobutene, then, 
disregarding the special properties of the conjugated diene, 
two carbonium ions as intermediate can give rise to five 
substitution products through loss of proton as shown in the 
scheme below:
Scheme : Possible substitution products in the
chlorination of penta-1,3-diene.
CHo=CH-CH=CH-CH. + Cl.
CHg-CH-CH=CH-CH.
èi" ^
I
"^CH^-CH=CH-CH-CH.
Cl'
C1CH=CH-CH=CH-CH2 (b )
C1CIÏ^*CH=CH-CH=CH2 (c ) 
C1CH2-CH=C=CH-CH^ (z )
CH„=CH-CS-CH-CH, 
2 I 3
Cl
-H
CH2=CH-CH-CH=CH2 (X) 
Cl
CHo=CH-C=CH-CH, (Y)
^ I J
Cl
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Of these five isomers, the presence of (Z) has been 
excluded by analysis of the i.r. spectrum taken on the freshly 
prepared reaction mixture. The isomer (X) is probably very 
unstable and would tend to isomerise to the conjugated diene (C); 
this has been inferred from the attempt in preparing (X) via 
penta-1,4-dien - 3-ol, where 5~chloro-penta-1,3-diene was 
invariably formed. Therefore, it is not expected that (X) 
could be isolated from the product mixture. The presence of 
(Y) could only be excluded by elimination; each component of 
the product mixture, as shown by v.p.c. analysis, has been 
satisfactorily accounted for, and structural isomers appear to 
be distinguishable on the column, so it seems unlikely that (Y) 
would be present as an unresolved component with the other 
isomers. Apart from this, the formation of (Y) requires non­
terminal electrophilic attack by chlorine to the conjugated 
chain; this does not seem probable when non-terminal addition 
of hydrogen chloride is absent under similar conditions.
The two isomers (B) and (C) have been established as 
components of the reaction mixture. Their coexistence with 
the products of addition is compatible with the mechanism 
proposed for the reaction. Both are conjugated dienic 
chlorides ; in (B), the chlorine atom is in the vinylic 
position, and in (C), the chlorine atom is in an allylic 
position.
1. Experimental section, 12.2, component (C)
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(i) Vinylic chloride. This vinylic chloride happens to be a 
compound which has not been described before. Its formation 
from penta-1,3-diene implies that a hydrogen atom has been 
substituted by a chlorine. Since direct displacement of 
hydrogen by chlorine in similar systems has been shown to be 
unlikely by Reeve's experiment on isobutene (section 3.2), and 
since the mechanism suggested for isobutene seems plausible, 
the derivation of 1-chloro-penta-1,3-diene from penta-1,3-diene 
by polar halogénation probably means loss of proton from the 
chloromethyl group of the carbonium ion intermediate.
(ii) Allylic chloride. The formation of this allylic 
chloride from penta-1,3-diene through a carbonium ion inter­
mediate mechanism indicates that loss of a proton has occurred 
at the methyl group which is situated at the other end of the 
conjugated chain. Compared with the case of isobutene, where 
the positive charge of the carbonium ion intermediate is more 
localised on one carbon atom, the intermediate from penta-1,3- 
diene has a positive charge which is not localized, but is 
shared by three carbon atoms such that loss of proton from 
the methyl group is made possible.
Moreover, we could deduce, from the presence of this
allylic chloride in the reaction mixture that the concerted
2
mechanism proposed by Lee and Arnold for the elimination of 
proton from a cyclic intermediate is very much less probable. 
For isobutene, a six-membered ring intermediate has been
1. W. Reeve, D.H. Chambers, C.S. Prickett, J.A.C.S., 1952, 
74:5369
W.W. Lee, R.T. Arnold, J.A.C.S., 1953, 75:5396
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suggested which then splits up into hydrogen chloride and the 
allylic monochloride as the main substitution product. For 
penta-1,3-diene, with one molecule of chlorine, a similar 
cyclic intermediate would require an ei^t-membered ring in 
order to give 5-chloro-penta-1,3-diene as substitution product. 
This possibility seems stereo-chemically to be very unlikely.
From isobutene From penta-1,3-diene
Although we have not been able to distinguish between 
geometric isomers, similar substitution products were derived 
from the two geometric isomers of penta-1,3-diene as was shown 
by chemical reactions (hydrolysis and synthesis). This 
suggests that the geometry about the 2,3 and 4 carbon atoms" 
does not interfere with the process whereby substitution 
products are formed. If a cyclic intermediate were involved, 
steric effects would be expected to be a determinative factor, 
and geometric isomerism should play a decisive role. That 
this is not observed, diminishes the probability of the cyclic 
intermediate as formulated for isobutene. Furthermore, the 
predominance of vinylic chloride over the allylic one cannot 
easily be accounted for by such a cyclic intermediate except 
by involving two independent mechanisms.
(C) Formation of addition products.
As with the simple diene, buta-1,3-diene, which forms 
two adducts from polar halogénation, penta-1,3-diene has been
found to give 1,2-dichloro-pent-3-ene and 1,4-dichloro-pent-
16 0
2-ene. Unfortunately, these two dichlorides have not been 
isolated in amounts large enough for full characterisation. 
Inspection on the quantitative results shows that the pro­
portions of the 1,2-adduct in the product mixture under various 
conditions do markedly differ from that of the 1,4-adduct. A 
rough trend is observed, in that 1,2-addition seems to be more 
favoured in methylene chloride, whilst 1,4-addition is more 
important in carbon tetrachloride.
A dichloride derived from addition of chlorine to the 
third and the fourth carbon atom, 3,4-dichloro-pent-1-ene, 
has not been found in the product as far as v.p.c. analysis 
can tell. That a 3,4-dichloride is not formed is in agreement 
with the expectation that electrophilic addition on the diene 
would be initiated at the terminal carbon atom.
(D) Ratiot substitution : additions
Comparison on the effect of parameters on product 
distribution showed that the ratio of substitution to addition 
is affected by temperature, solvent and by the ratio of 
chlorine to penta-1,3-diene. Relevant deductions from these 
observations are presented below:
(i) Effect of temperature. Though the temperature range for 
which quantitative experiments have been carried out is 
limited, it is clear that under comparable conditions, addition 
is favoured by low temperature and substitution by high 
temperature. Reaction near the boiling point of the solvent 
is difficult to carry out because of great loss of both
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reactants due to volatility, and the results under these 
conditions cannot be very accurate. A different reaction 
vessel and device for mixing predetermined quantities of 
reactants are required for reaction near or at the boiling 
point of piperylene or the solvent.
In table - Vi; the variation in proportions of products 
with temperature for chlorination of cis-piperylene in 
methylene chloride at concentration of about 0.5:1 M of 
chlorine: piperylene is recorded. Similar changes have been 
reported for the chlorination of trimethylethylene.  ^ By 
plotting log[addition/substitution] against the reciprocal 
of the absolute temperature, a reasonable straight line is 
obtained. If it is assumed that the Arrhenius equation is 
applicable, the activation energy difference,
[E^(addition) - E^^(substitution)] can be calculated from the 
slope of the line to be^about -^ 1.3 kcal/mole. The 
corresponding values given by Poutsma^ for the chlorinations 
of trimethylethylene and of cis-but-2-ene were -0.82 kcal/mole 
and -1 kcal/mole respectively.
Apparently, in all these olefins, substitution reactions 
require more energy of activation. According to the mechanism 
generally proposed for electrophilic addition, electrophilic 
attack to give the carbonium ion is the rate-determining step 
of the two-stage reaction. The carbonium ion then follows 
two alternative routes : (a) loss of proton to give substitution
product ; (b) pick-up of a nucleophile to give addition product.
li M.L. Poutsma, J.A.C.S., 1965, 87:4285
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The energy-reaction coordinate corresponding to this simple 
picture can be represented in the following diagram:
(i) Loss of H
Intermediate
(ii) +C1"
a E = E (substitution) - E (addition) = 1.3 kcal/mole.
CH^=CH-CH=CH-CH. + Cl^
CHo-CH^-CH=--CH-CH^
I  ^ j
Cl
(i) -H+
\
(ii) +C1" 
C5H8CI2
This is, of course, an oversimplified picture for the 
case of penta-1,3-diene, because only one carbonium ion is 
assumed from which all the products are to be derived.
An interesting parallelism is worth noting here with the 
alternative modes of reaction of aliphatic carbonium ions, 
which give products of unimolecular elimination (El) reaction 
and substitution reaction (S^ 1) since a carbonium ion 
intermediate is simultaneously able to take either of 
alternative pathways, to give products of elimination (by 
proton-loss) or of substitution (by picking up a nucleophile).
1. D.V. Banthorpe, ’Elimination Reaction’, Elsevier, Amsterdam, 
1963, Ch. 1
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R^CH-CRg
(a) R^C = CRg +
4_Y-^^(b) R^ CH-CRgY.
The proton loss from the carbonium ion in (a) is thought to
require activation while the destruction of a carbonium ion
by the solvent in (b) is probably unactivated. The
difference in activation energy for the two competitive
reactions has been calculated to be about 2-4.5 kcals. This
means that the absolute values of the activation energies of
elimination also lie in that range.
(ii) Effect of solvent. The solvent which could be most
conveniently employed for quantitative experiments is
methylene chloride because of its low boiling point and its
capacity to dissolve considerable quantities of chlorine and
penta-1,3-diene. Carbon tetrachloride was also used for
comparison. Under similar conditions, methylene chloride
seemed to favour substitution reaction; and the ratio of
substitution: addition was higher in methylene chloride than
in carbon tetrachloride. Observation on chlorination of
2
cisr»and trans-1 -phenyl-propene also gave similar results: 
percentages of substitution product were higher in methylene 
chloride than in carbon tetrachloride. This observation gives 
a practical justification for using carbon tetrachloride as 
medium for chlorination where addition products are required. 
It was also noted that 1,2-addition appeared to be slightly 
favoured in methylene chloride.
1. A.R. Hawdon, E.D. Hughes, O.K. Ingold, J.C.S., 1952:2599
2. R.C. Fahey, C. Schubert, JA.C.S. 1965, 87:5172
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If the properties of the two solvents are compared, it
can be seen that methylene chloride has a higher dielectric
constant (e = 9.08) than carbon tetrachloride (e = 2.238).^
It has been pointed out that in media of low dissociating p 
2
power, intermediates consisting of ion-pairs may be preferred, 
instead of isolated carbonium ions and chloride ions. In 
such a case, association exists between the positive carbonium 
ion and the chloride ion so that they do not react as unrelated 
species. If this is the accepted hypothesis, then ion-pairs 
would be expected to be more stable and more important in 
carbon tetrachloride than in methylene chloride. Presumably, 
such ion-pairs will preferentially react by neutralization 
processes (i.e. by addition) rather than by loss of a proton 
(i.e. by substitution). The result would be a low ratioEof 
substitution: addition in carbon tetrachloride, as is
observed.
(iii) Effect of chlorine :penta-1,3-diene ration
Prom table V, it can be seen that the product proportion 
is most sensitive to the relative ratio of chlorine to 
penta-1,3-diene. The general trend observed is that substitu­
tion is favoured by a low chlorine :penta-1,3-diene ratio in 
both solvents. In other words, more chlorine results^in the 
formation of more addition products. Moreover, the percentage 
of the vinylic chloride is most sensitive to this change of
1. Weissberg et al, *Organic Solvents’ in Technique of Organic 
Chemistry, Vol. VII, Interscience, New York, 1955, p.192,194
2. M.J.S. Dewar, R.C. Pahey, Angewandte Chemie, Int. Edn., 
1964, 3:245
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reactant concentration.
This change in product distribution required some special 
attention. It was first suspected that secondary reaction 
between the substitution products and excess chlorine (or 
hydrogen chloride) might have caused a decrease in the 
percentage of substitution product at high chlorine 
concentration. But it has been found that 1-chloro-penta-1,3- 
diene was quite stable under the reaction condition and did 
not easily add on more chlorine or hydrogen chloride. On the 
other hand, though excess of hydrogen chloride could add to 
5-chloro-penta-1,3-diene to give 1,4-dichloro-pent-2-ene and 
1,2-dichloro-pent-3-ene, it was found that the percentage 
of 5“Chloro-penta-1,3-diene in the product mixture remained 
reasonably constant with respect to changes in Cl^îC^Hg. Thus, 
it is not likely that secondary reaction on substitution 
product has been the cause of this change in product distri­
bution with concentration. It is more probable that the 
product analysed is the genuine product from primary 
chlorination and the result obtained should reflect the
picture of a kinetically controlled product composition^
1
In a study on the chlorination of,pent-2-ene, it was 
found that the ratio of the molecules of chlorine producing 
hydrogen chloride to the molecules of ? chlorine reacting by 
addition (induction factor, or substitution/ addition ) depends 
on the molar ratio of olefin to chlorine. The substitution
1. T.D. Stewart, B. Weidenbaum, J.A.C.S. 1936, ^:98
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reaction was found to be favoured by a relative increase in 
the pent-2-ene concentration or by a relative decrease in the 
chlorine concentration. For example, the following results 
were reported for chlorination of pent-2-ene in oxygen;
Pent-2-ene (M) Chlorine (M) Induction factor (Sub/Add.)
1 0.85 1.1-1.2
1 0.525 2.03
1 0.17 3.22
It seems therefore, that the variation of the ratio 
substitution/ addition with chlorine : olefin is not entirely 
unknown. The reason for this dependence of product 
distribution on relative concentration is not clear. We, 
therefore, venture to consider a few plausible explanations.
(a) The addition process might require the participation of 
a second molecule of chlorine.
(b) The substitution process is facilitated by the excess 
of penta-1,3-diene present. In this event, the diene plays
a part as a nucleophile towards the carbonium ion by promoting 
the proton loss or acts as a proton acceptor.
Considering the intermediate carbonium ion being formed 
by the reaction between one molecule of chlorine and one 
molecule of penta-1,3-diene, after the first step, the
intermediate carbonium ion will then be in close contact with 
solvent, chloride anion, excess of penta-1,3-diene (if 
C^HgtCl^ > 1), or excess of chlorine (C^HgiCl^ < 1). Since 
the solvent is non-hydroxylic, we assume that it does not
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play an active part in the formation of product. Of the 
remaining three species, the chloride anion is nucleophilic 
and would preferably add on the carbonium ion rather than 
promote proton-loss; neutralization of the carbonium ion by 
the chloride ion simply gives the expected addition products. 
Excess molecular chlorine can be polarised by the carbonium 
ion such that its negativespole attaches to the positive 
charge of the carbonium ion and eventually gives addition 
products. However, molecular chlorine probably will not^  
react as a nucleophile in abstracting a proton from the 
carbonium ion since higher concentration of chlorine does 
not result in higher yield in substitution. Thus the role of 
excess chlorine is expected to facilitate the addition 
process. On the contrary, penta-1,3-diene, with its abundant 
TT electrons system, might react as a nucleophile with the 
positively charged carbonium"'ion and promote the loss of a 
proton, thus resulting in substitution. In this case, penta-1, 
3-diene has been assigned a special role as a nucleophile in 
the process of proton-loss from the carbonium ion. It might 
well accept a proton from the carbonium ion and a chloride 
ion to give the hydrochlorination product.
Though the fate of the carbonium ion might, to a certain 
extent, be determined by its environment, there is always the 
important factor lying in its intrinsic properties, namely, 
its stability. It might lose a proton spontaneously to give 
the substitution product. Carbonium ions of similar structure
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as an intermediate in El and S^ 1 reactions have been shown to 
give up proton quite easily and the energy required for such 
process is rather low (of the order of 2-4.5 kcal.). The 
carbonium ion from penta-1,3-diene can probably lose a proton 
independent of any reagent (thou^ the energy require might 
be expected to be higher since reaction is in aprotic solvent).
The above hypothesis can be tested by analysing the 
picture in the following way:
Assuming (1) an extra molecule of chlorine is necessary 
for the formation of addition product from the carbonium ion.
(2) A molecule of penta-1,3-diene is required for the forma­
tion of substitution products. Thus, if the initial reaction 
of molecular chlorine and penta-1,3-diene is first order in 
each reactants and stoichiometric, that is; A molecules of 
olefin react with A molecules of chlorine to give A carbonium 
ions and A chloride ions. The carbonium ion reacts with either 
chlorine molecule (Y-P, if Y is the concentration of chlorine, 
and P is the concentration of olefin, and Y > P) to give 
addition product, or, with penta-1,3-diene (P-Y, P > Y) to 
give the substitution products, according as which reactant 
is in excess. Then statistical consideration requires that 
the precentage of addition product will be proportional to 
the amount of chlorine in excess (i.e. Y-P), while percentage 
of substitution product will be proportional to the amount of 
penta-1,3-diene in excess (P-Y).
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C H  + 0 1  
5 8 2
» (CcHqCl)+ + Cl
(C^HgCl)+ + C^Hg
'5“8
^ C^H^Cl + (CgHgH)+
[CçH^Cl] cC [C^Hg] 
(C^HgCl)+ + (Clg.Cl” ) - C5H8CI2
.% [C^HgClg] c*L [Clg.Cl-]
It would be expected that from the simple law of mass 
action that excess chlorine will promote addition while excess 
olefin (which accepts proton readily) favours substitution, if 
' an equilibrium is set up between carbonium ion, chloride ion, 
chlorine molecule or olefin as the case may be.
Experimental results Calculated
C^Hg (?) ClgfY) Subn. Addn. Subn.
(P-Y)
Addn.
(Y-P)
In CHgClg:
1 0.2 63 36 80
1 0.48 64 35 50
1 0.86 45 54 14
1 1.1 38 61 10
1 1.24 37 63 24
1 1.63 36 64 63
In CCl^:
1 0.24 42 57 76
1 0.5 35 65 50
1 0.83 32 66 17
1 1.05 29 70 5
1 1.5 30 70 50
1* m, 1 , .......  ■ , 1.68 21 79 68
171
It is obvious that the experimental results do not agree
with the calculated values, since addition products are formed
when there is much excess of penta-1,3-diene (P>>Y) and 
substitution products are formed when no excess of penta-1,3- 
diene is present. This discrepancy lies in the assumption 
that quantitative role has been assigned to both chlorine 
molecule and penta-1,3-diene in reaction with the carbonium 
ion. It is well known that adducts are formed when olefins 
react with a deficient amount of chlorine; and therefore, 
excess of chlorine is not necessary for the production of 
adduct. Chloride ion produced from the first step might 
appropriately neutralize the carbonium ion to give the addition 
product. At the same time, spontaneous loss of proton from
the carbonium ion will give substitution product.
Apart from this, it can be seen that the solvent has some 
" effect. Taking the ratio of C^HgiCl^ (1:0.5), calculation 
would require a substitution/ addition ratio to be 50:50, the 
observed values are, in CH^Cl^ = 64:35, in CCl^ = 35:65. This 
might be due to more ion-pairs being present in carbon 
tetrachloride.
(E) The vinylic chloride :allylic chloride ratio.
The process of proton loss from the carbonium ion leads to 
the substitution products. It might be noted here, that 
considerable energy of stabilization might be gained in this 
process since the products contain conjugated double bonds of 
which resonance should be important. There are two groups of 
protons from which proton loss can take place: from (i) the
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The fact that the experimental results give a ratio of 87:3 
has been interpreted in various ways, as set out in the 
introduction. Here we discuss particularly a hypothesis put 
forward by de la Mare and coworkers.^ The neighbouring group 
interaction between the chlorine and the positive carbon gives 
an intermediate whose geometric configuration becomes unfavour-± 
able for proton loss from the attacked carbon atom.
^ ^ 3 - -  L — CH,
CH3
In the case of penta-1,3-diene, statistical factor alone 
will predict a ratio of 3:2 for allylic:vinylic chloride. But 
it is well known that other effects are usually more important 
and product formation is generally determined by factors other 
than the statistical one, such as the structure and energy of 
the intermediate and itsaimmediate environment. Considering 
the intermediate carbonium^ion from which substitution products 
are derived, because of the IT electron system of the diene, 
the positive charge is partly delocalized:
CHg-CH^CH^CH-CH.
The inductive effect of the chlorine in the chloromethyl group 
would promote' proton-loss from the same carbon, and the 
electromeric effect of the chlorine might also facilitate the 
formation of double bond between this carbon atom and the 
neighbouring carbonium ionic centre. Thus, proton loss is
1. P.B.D. de la: Mare, A. Salama, J.C.S. 1956:3337
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expected to occur exclusively at the chloromethyl group, 
giving rise to the vinylic chloride as the predominant 
substitution product. If however, interaction between chlorine 
and the positive charge comes into play, then the carbonium ion 
would be slightly modified so that the two electrons which are 
shared by the three middle carbon atoms might experience some 
interaction with the chlorine. This would perhaps, give rise 
to a distortion to the distribution of the TT electrons such 
that they would be attracted towards the chlorine. This makes 
the proton-loss from the methyl group possible through a 
transmission of electron-withdrawing effect on the TT electrons, 
hence giving rise to the allylic chloride. The fact that 
vinylic chloride is predominant is however, still expected from 
this consideration. Furthermore steric effect which operates 
in the case of isobutene is probably not a governing factor 
here since it would predict a higher proportion of allylic
4-
chloride. CH„-CîfeCH^H-CH,
01.'-^ ^
(F) Chlorinations in other aprotic solvents^
It is interesting to note that in preliminary experiments
in other aprotic solvents such as chloroform, nitrobenzene,
nitromethane and ether, similar product mixtures were obtained.
The product mixture contained the same number of components as 
shown by v.p.c. analysis. Because resolutions of nitromethane 
(with the allylic monochloride C) and nitrobenzene (with the
vinylic chloride B) with the products were not satisfactory on
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(G-) Comparison with other olefins.
Recent studies on the chlorination of other olefins under 
carefully controlled conditions have revealed that under polar 
conditions, many olefins give substitution as well as addition 
products. In the past, when analytical methods were not y. 
capable of detecting trace components, some of these 
substitution products must have been unnoticed. A summary of 
some of the relevant results is presented below for comparison:
Olefins Substitution 
Products (%)
Reference
CHg-CH2-CH=CH2 CHg-CH=CH-CH2Cl(3) M.L. Poutsma, J.A.C.S. 
1965, 87:2172
CH2=CH-CH2C1
Cl.
= C\ . (0.1) 
H OHgOl
ft
(CHg)gC-CH=CH2 CH2=C-CH(CHg)-CH2Cl 
CH^ (10)
M.L. Poutsma,J.A.C.S. 
1965, 87:4285
=  cr«
H CHg
CHj-CH-CH=CH2 (2) 
Cl
M.L. Poutsma,J.A.C.S. 
1965, 87:2172
'«3-0 =
H H
CH2=CH-CH-CHg (3) 
Cl
It
H _ /H 
^  0 = C.
in HAc
CH2=CH-CH-CH^ (2:7-3.2) 
Cl
R.C. Fahey,
C. Schubert, 
J.A.C.S. 1965,
87:5173
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Olefins Substitution 
products (°/o)
Reference
CH. H
= <CH3
CH.=CH-CH-CH.
2 1 3
Cl (1.3-1.7)
R.C. Fahey,
C. Schubert, 
J.A.C.S.,1965, 
87:5173
o \  /  (20) 
0\
M.L. Poutsma, 
J.A.C.S., 1965, 
87:2161
CH.
j)C = CHL
CHj^ ^
CH2=C-CH2C1 (S7)
CHg
CH,
^^C = CHCl (3) 
CH^
J. Burgin,
W. Engs,
H.P.A. Groll,
G. Heame,
Ind. Eng.Chem., 
1939, 31:1413
CH.-CHg
j ^)C = CH. 
CH^ ^
CH,-CH,
%)C-CH,C1 (58) 
CHg^
CH, CHqCl
3)C = C(.  ^ (29)
H ^  ^CHj 
CH, CH,
3)C = C( 3 (8)
H ^  CH2CI
M.L. Poutsma, 
J.A.C.S.,1965, 
^:4285
%  . c('"3
CHg
CH^v
^)C-8H-CH, (85.5)
CHf 61 ^
CH,
j^G-CH=CH, (0.05) 
/  1 
CHg Cl
»
CH ,CH
j 0 = 0
CH.^
2^C-C(CH_) (99.7)
CHg Cl
tf
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Olef ins ^Substitution 
products {% )
Reference
....................1
= < ™ 3
t Ph\Ph yCl Phi
C = <  )C = <  3 
CH^ Cl
i. 4-5; 3-4 (in CCI.) 
ii* 9-11; 5.7-6.5 (in 052622)
R.C.Fahey,  ^
C.Schubert, j 
J.A.C.S., 1965, ;
87:5172
%  = < "
CHj
i. 0.7-0.9; 15 (in CCl^) 
ii. 1.4-2.1; 15 (in CH2CI2)
)i j
1
CH„=C-CH=CH„
in CCl^
-5° to 10°
CH„-C-CH=CH„ (42) 
1  ^ I ^
Cl CH2
M. J .1 jam. Thesis, 
1961, Texas |
i
University
!
CH2=CH-CH=CH-CHj CH2=CH-CH=CH-CH2C1
i. at 20°, 17 (in CCl^) 
ii. at 0°, 10 (in CH2CI2)
ClCH=CH-CH=CH-CHg
i. at 20°, 18 (in CCl^) 
ii. at 0°, 45 (in CH2CI2)
This study
__  1
From the data available, there are a few points of interest:
(a) For monoalkenes, the proportion of substitution products 
increases as one goes from the unactivated monoalkenes to the
activated alkenes. That the more alkyl groups on the 
molecule, the higher the percentage of substitution, e.g. 
CH3-CH2“CH=CH2(2^ ) < (CH^)^C-CH=CH2(10^); the more alkyl groups 
on one carbon atom of the double bond, the more substitution 
products,
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CH,. ,H CH- CH,^ ^CH,
3 C=C^ (2%); (90/o); 3^ C=C,^  3 (99.7/0) .
H ^  CH^ CH^ CHg CH^
This might be due to the special character of the t-carbonium 
ion which has greater tendency to lose a proton than to 
accept nucleophile.
(b) Loss of proton from the carbon atom to which the chlorine 
has attached is not common among the monoalkenes; in the 
examples cited, only isobutene has been reported to give a 
vinylic chloride. But from 1-phenyl-propene, the substitution 
product has been reported to be a mixture of cis-and trans-
1-chloro-2-phenyl-propene, formed by proton-loss occurring at 
the attacked carbon atom. Whether this is because no 
alternative protons are available from the carbonium ion or 
because of some subtle effect due to conjugation is not clear.
Ph^ ^CH. + Cl. Ph + /CH.
>=Cv, 3  6 > >  -
H"^ ^H H'^
It would be interesting to compare with results from a 
similar system, e.g. -methyl-styrene, where the carbonium 
ion intermediate might have the structure:
'^'C=CHp l_5l2---- > 'C - GHp
CH3 CH3 Cl
(c) For the simplest conjugated diene, buta-1,3-diene, no
substitution product has been reported from polar chlorination
1 2 Both Isoprene and penta-1,3-diene, however, give about 40^
1. M.J. Ijam, Thesis, 1961, Texas University
2. This work.
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of substitution product in carbon tetrachloride. Reports by
Russian workers have also indicated formation of hydrogen
halides from halogénation of these and other conjugated dienes;
the proportion of hydrogen halide formed seemed to bear a
relationship with the structure. For example, from dienes of
structure C-C=C-0=C , the ratio of HBr/Br. was about 12%,
6
where for dienes of structure C-C=C-C=C-C , the ratio was 
about 24%. Though no information on the products are given, 
their results are not contradictory to the general tendency 
observed in monoalkenes.
(d) It might also be noted that, in general, factors 
determining proton-loss from either carbon atom (which are 
adjacent to the positive carbon) seemed to depend on the 
structure of the carbonium ion. The steric effect may be 
important, as in the case of isobutene. Another factor may be 
the delocalization of the positive charge over the carbonium 
ion. Comparing the carbonium ion from penta-1,3-diene with 
those from monoalkenes, it seems that the extra 71 electron 
system on the conjugated diene might well be one cause for the 
extraordinary high proportion of vinylic chloride formed in 
the chlorination of the former. In the carbonium ion derived 
from conjugated diene and chlorine, there are two jr electrons 
shared by three carbon atoms; the positive charge is spread on 
three carbon atoms.
1. V.I. Esafov, J. Gen. Chem., (U.S.S.R.) Engl*.Trans. 1952, 
22:665
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This is comparable with the intermediate in aromatic 
electrohpilic substitution; where four electrons are shared 
by five nuclei, and a positive charge is spread over five out 
of the six carbon atoms which constitute the ring .
In polar chlorination of aromatic compounds, loss of a proton
from the carbonium ion usually occurs at the same carbon atom
to which the chlorine has attached. %ereas in the case of
monoalkenes, the positive charge developed on the carbonium 
ion is more or less localized at one single carbon atom. We 
venture to think of penta-1,3-diene as a transition member from 
monoalkenes to aromatic compounds as their intermediate 
carbonium ions in halogénation are concerned. Thus, the 
products expected from chlorination of penta-1,3-diene would 
be something between those from the monoalkenes and the aromatic 
hydrocarbons: containing mixtures of substitution and addition 
products; allylic and vinylic chlorides among the substitution 
products; and with the i. proport ion of
substitution/addition; and the proportion of allylic/vinyliccMor/4 
lying between these two classes of hydrocarbons.
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17. REACTION OF PENTA-1,3-DIENE WITH CHLORINE IN HYDROXYLIC
SOLVENTS.
The chlorination of penta-1,3-diene in hydroxylic 
solvents introduces complications because such solvents may 
react with chlorine (to give different reactants) and may 
also react with the products of chlorination. For example, 
water reacts with chlorine to give hypochlorous acid and 
hydrogen chloride; it also hydrolyses the allylic chlorides 
(which are the primary products of chlorination) to the 
corresponding products of hydrolysis. Therefore, chlorinations 
carried out in hydroxylic solvents usually give more 
complicated product mixture. However, by applying the 
knowledge we have obtained from studies in aprotic solvents, 
and by using the same equipment for v.p.c., the identification 
of those components which are present in aprotic solvents 
is made possible. It is also possible to identify those 
components which we can show separately are produced by 
solvolyses of known products, and in certain cases thus 
identify them. In order to avoid decomposition of such 
primary products in these solvents, it was necessary to 
extract the product mixture quickly by mixing with large 
volume of n-pentane, sufficient water being added in order 
to separate the pentane layer when an alcohol was the solvent. 
Since chlorine reacts with alcohols, a solution of chlorine 
cannot be prepared for quantitative experiments. The 
procedure adopted in this case was to bubble chlorine 
directly into a cooled solution of penta-1,3-diene in
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alcohol, ensuring that excess of olefin remained unreacted.
The mixture was immediately partitioned between pentane and 
water and the product was examined on the v.p.c. after removing 
most of the pentane. Even so, the product mixture was usually 
found to contain the reaction products of chlorine on alcohol. 
Other than these, there were also present some new components 
in the mixture which were suspected to be chlorohydrins or^  
chloroethers (according as water or alcohol was the solvent) 
probably are reaction products between penta-1,3-diene and 
ClOH or ROCl.
With the few experiments that we havd run, these new 
products have not been identified. However, by comparing 
chromatograms, products obtained from chlorination of penta-1, 
3-diene in water and alcbhols could be briefly summarised as 
follows :
Summary of some preliminary studies on .chlorination of 
penta^l,3-diene in hydroxylic solvents.
Code: A = 4-chloro-pent-2-ene;
B = 1-chloro-penta-1,3-diene;
C = 5-chloro-penta-1,3-diene;
D = 1, 2-d'ichlorocydopentane ;
E = 1,2-dichloro-pent-3-ene;
F = 3-chloro-4-hydroxy-pent-1-ene;
G = 1-chloro-4-hydroxy-pent-2-ene;
H = 1,4-dichloro-pent-2-ene;
I = lTchloro-2-hydroxy-pent-3-ene
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Identities of components F,G, and I have been provisionally 
assigned based on evidences deduced on the relative stability 
towards hydrolysis (experimental section, 13.)
Reactants
(1) Cl2 bubbled in%; 
to CgHg/HgO
Composition of product mixture in their 
order of increasing retention times
: A (3.8%) ; B (2.7%) ; C (10%) ;
D (13.4%); E (8.8%) ; F (trace);
G (trace); H (22%) ; I (14.2%);
(2) CgHg added to 
acidified 
bleaching 
powder,
A (38%) ; D (12%) ; E (4.5%) ; 
F (4.8%) ; G (5.8%) ; H (19.6%); 
I (15.7%);
(3) C^Hg added to 
chlorourea in 
H2Q/ether
BB ; C ; D  ^ ;
E ; G ; H ; I ;
(4) CI2 bubbled in^ c 
to C^Hg/MeOH
' B (2%); C with unresolved new component 
(from MeOCl + C^Hg) (20%); D; new com­
ponent (from MeOCl + C^Hg); E(66%); new 
component (from MeOCl + C^Hg); H(12%)
(5) CI2 bubbled in­
to C^Hg in 
t-BuGH
B ; C; new component (from t-BuOCl + C^ î^ ) ; 
new component (from CI2 + t-BuOH); D;
E ; new component (from C^ I^  + t-BuOCl); H;
(6) CI2 bubbled in­
to C^Hg/EtOH;
B ; C, with new component not resolved 
(from C^Hg + ClOEt); D ; new component 
(from CI2 + EtOH); E ; new component 
(from C^Hg + ClOEt); H ;
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It can be seen that in all these experiments in hydroxylic 
solvents, substitution products were produced. Prom control 
experiments, it was found that both substitution and addition 
products were quite stable in absolute alcohol solutions, 
where as in water, at room temperature, the most unstable 
chloride, 4-chloro-pent-2-ene was hydrolysed and 5-chloro-penta-
1, 3-diene was hydrolysed at a slow rate. Presumably, there­
fore , the product mixture which was extracted quickly in 
n-pentane gave a fair picture of the product composition, with 
very little or no hydrolysis. The new components were 
tentatively thought to be products of reaction between penta-1, 
3-diene and esters of hypochlorous acid. The two expected 
dichlorides were formed in those mixtures. Among the 
chlorohydrins which were obtained by reaction of chlorine 
water or of a suspension of bleaching powder in water on 
penta-1,3-diene, three chlorohydrins seemed to have been 
produced. These were thought to be:
CH.=GH-CH-GH-GH. ; GH.-GH-GH= GH-GH. ; GH.-GH=GH-GH-GH.2 , 1  3 | 2 ,  3 I 2 , 3
G1 OH G1 OH 01 OH
1 2
A group of Russian workers had reported * that these 
chlorohydrins were produced in a similar set of experiment.
In particular, they recorded a high yield of 3-chloro-4-hydroxy- 
pent-2-ene and gave rather detailed evidences establishing its 
structure.
1 . A.'N. Pudovik, B.E. Ivanov, J.Gen.Ghem. (U.S.S.R.), Engl.
Trans. 1965, 26:2129
2. A.N. Pudovik, B.E. Ivanov, Eoklady Akad. Nauk. (U.S.S.R.), 
1955 , 123:443, through G.A. 1956, ^:5522
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It seems unlikely that this is an experimental error.
But the formation of this chlorohydrin is quite unexpected 
from an electropbilic addition on penta-1,3-diene, since this 
implies attack by an electrophile not at the end of the 
conjugated chain. Another experiment reported by the ...same 
group of Russians on the oxidation of penta-1,3-diene with 
acetyl peroxide showed that there were two epoxy-pehtenas 
produced; 3,4-epoxy-pent-1-ene and 1,2-epoxy-pent-3-ene, usually 
with the former one predominating and relative proportion 
depending on the strength of the peroxide used. Further 
oxidation of the mono-oxide gave the dioxide. These experiments 
seem to indicate that under special conditions, the conjugated 
diene can react as if two double bonds were independent. A 
probable reason may be that with weak electrophiles, the 
electromeric effect of the dienic chain is not prominent and 
transmission of the XT electron cloud does not reach the end of 
the conjugated chain and hence electrophilic attack can occur 
at the middle carbon atom. It has been generally accepted that 
hypochlorous acid is a weaker electrophile than molecular
chlorine. Thus, hypochlorous acid, as produced in the presence 
of excess of bleaching powder, probably reacts as weakly 
electrophilic without being protonated to become GlOH^ "^  . If 
this is a fair description, then the polarisability of the 
penta-1,3-diene under the influence of an electrophile may be 
an important factor in the determination of product formation.
1. A.N. Pudovik, B.E. Ivanov, J. Gen. Ghem. (U.S.S.R.), 
Engl. Trans., 1956, 26:308?
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18. A NOTE ON 5-CHL0R0-PENTA-1,3-DIENE and 4-CHL0R0-PBNT-2-ÊNE.
18.1 5-CHL0R0-PENTA-1,3-DIENE.
In conjunction with the identification of chlorination 
product, the allylic monochloride, 5-chloro-penta-1,3-diene 
was prepared. The divinyl carbinol was its precursor; 
interestingly enough, the corresponding chloride, 3-chloro- 
penta-1,4-diene was never obtained. Conditions favourable to 
S^2 reactions have been tried, e.g. in pyridine. But the same 
conjugated chloride was the only product ; no other monochloride 
was present as revealed by v.p.c. analysis. Undoubtedly, 
3-chloro-penta-1,4-diene is expected to be very unstable; and 
the chlorine atom, being in an allylic position to two double 
bonds, should be labile. The obvious product of allylic 
rearrangement is 5-chloro-penta-1,3-diene. On the other hand, 
the divinyl alcohol is quite stable and does not rearrange so 
easily. Therefore, the formation of 5-chloro-penta-1,3-diene 
is probably due to an allylic rearrangement after direct 
substitution on the divinyl alcohol, not from substitution on 
the rearranged alcohol. It has been reported^ that 5-chloro- 
penta-1,3-diene hydrolysed in sodium bicarbonate to give 15% 
of divinyl carbinol and 85% of penta-1,3-dien-5-ol. Hydrolysis 
of the chloride by reaction may give rise to the allylic
cation from which the two isomeric alcohols can be formed.
-Cl“ 4.
CH2=CH-CH=CH-CH2C1 ---------> [ CHg-CH-CH-CH-CHg]
CHg^CH-CH^CH-OHgOH ^  [0H2=CH-CH=0H-&2]
I Off— , ^
CH2=CH-CH0H-CH=CH2 <----------   CCH2=CH-CH-CH=CH2]
1. P. Maginiac, Ann. Chim. (Paris), 1962, 7:445, through G.A. 
1963, 58:6682
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18.2 REACTIVITY OP 5-CHI0R0-PENTA-1,3-DIENE.
The rates of sOlvolysis of the synthetic chloride in 50% 
ethanol (by volume) at 20^ and at 45^ have been measured. 
Calculation based on first-order kinetics gave the following 
rate-coefficient8 :
=  3 . 4  X  1 0 “ 3  ( a t  2 0 ° ) ;
kg = 2.2 X 10“  ^ (at 45°).
With these data, it seems possible to compare the effect of the 
vinyl group as a substituent on the reactivity of molecules 
when undergoing electron-demanding reactions. For example, in 
the unimolecular solvolysis of alkyl chloride, the rate- 
determining step is its dissociation into a chloride and a 
carbonium ion, this requires electron availability at the 
carbon atom from which the chlorine atom is to be released so
that the C-Cl bond may be brokenv Thus, when the relative rate
of 5-chloro-penta-1,3-diene to allyl chloride with respect to 
unimolecular solvolysis is calculated, the substituent constant 
of CH2=CH- may be deduced from the Hammett plot.^
It has been shown that the solvolysis of allyl chloride 
is bimolecular in 50% ethanol and that of crotyl chloride in 
ethanol is unimolecular. In formic acid (with 0.5% water), 
on the other hand, solvolyses of alkyl chlorides are 
unimolecular. In order to deduce the Op value of CH2=CH- , 
the rate of unimolecular solvolysis of 5-chloro-penta-1,3-diene
1. P.B. D. de la Mare, J.C.S. 1960:3823
2. C.A. Vernon, J.C.S. 1954: 423,4462
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relative to that of allyl chloride is required. It is assumed 
that 5-chloro-penta-1,3-diene solvolyses according to the 
mechanism in 50% ethanol and ccomparison with allyl chloride 
made via the data for crotyl chloride.
Calculations
Crotyl chloride : ^ k.j(45^ ) = 9.22 x 10"^ min"^ (in 50% EtOH);
k.j(45^ ) = 7.7 X 10”  ^min”  ^ (in formic acid).
Allyl chloride : ^ k.j(lOO^ ) = 0.762 x 10~^ min"^ (in formic acid)
from E = 25 kcal,
k^(45^) = 2.41 X 10"^ min”  ^ (in formic acid).
Assuming that change in solvent from 50% ethanol to formic acid
reduces the rate of solvolysis by the same factor as it is for
crotyl chloride, then for 5-chloro-penta-1,3-diene:
(45^) = 2.2 X 10~^ X 7.7/9.22 = 2.0 x 10~^ min”  ^ (in formic
acid),
therefore, relative rate of 5-chloro-penta-1,3-diene to allyl 
chloride, at 45^ in formic acid would be:
k1(C_H_Cl) 2,x 10“  ^ ,
 ^ 5 ' =   = 8.3 X 1q3
^iCC^H^Cl) X 10 ^
logic = 3.92
Prom Hammett plot of log(kp/ k^) vs substituent constants, 
this value of relative rate corresponds to a substituent 
constant of (7 ^^= -o.34. This is greater than that of the
1. C.A. Vernon, J.C.S. 1954: 423, 4462
2. P.B.D. de la Mare, J.C.S. 1960:3823
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RELATIVE RATES of UNIMOLECULAR 
SOLVOLYSIS et ALLYLIC CHLORIDES
8
\ CH.
\ i.A  CH3CH--CHCHCI
A Me.C--CHCH.a7
6
^ PhCH:CHCH.C1
5
CH^CHCH=CHCHnC14
CH0CH--CHCHXI
BuCH=CHCHoC1
3
2
1
0
1
-06 -02 0 +02 +0.4- 0-6
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methyl group ( = -0.31) implying that the vinyl group is
superior to the methyl group in its power of electron release.>
18.3 REACTIVITY OP 4-CHL0R0-PENT-2-ENE.
Comparison with allylic chlorides which undergo solvolysis 
by the unimolecular mechanism suggests that this particular 
allylic chloride might also solvolyse in the same way, since 
there are two methyl groups activating its dissociation into 
carbonium ion. Because of its rapid solvolysis in 50^ ethyl 
alcohol, attempts to measure the rates at ordinary temperature 
(0^ - 25^) failed to give any satisfactory results. However, 
a run performed in ice-freezing salt mixture gave a value of 
k-j (at -10^) - 5 X 10  ^min ^. Assuming that the activation
energy of this solvolysis is similar to those values for
1 1 1,1-dimethylallylchloride and 1,3-dimethylallylchloride
(E = 21 kcal mole"^) then the rate of solvolysis at 45^mcan
be calculated, k-j (45^) = 50 min 1. Assuming further that its
rate of solvolysis in formic acid is the same as in 50% ethanol,
the relative rate of unimolecular solvolysis of 4-chloro-pent-
2-ene to allyl chloride at 45^ will be:
" ' ( S V "  . . 2.08 X 10?
^l(C^H^Cl) X 10 6
and log^o ^l(C^HgCl) ^
1. G.A. Vernon, J.C.S. 1954: 423, 4462
192
Prom the same Hammett plot of log-jQ (k^ / ky) vs
substituent constants a substituent constant of o f  = -0.63
corresponds to this value of relative rate. This value is
slightly higher than that for 1,1-dimethylallylchloride 
( crp^-0.62), showing probably that the proximity of the methyl 
group to the site of electron demand favours the dissociation.
Calculation based on the data on solvolysis of 4-chloro-
1 2 pent-2-ene in 75% acetone at 0^ , and of t-butyl chloride in
acetone and 50% ethanol also enable us to derive a relative
rate between k g ci/kg ^ .
5 y 3 5
t-BuCl:^ k^(45^) = 21.2 x 10  ^hr"^ (in 75% acetone);
k.|(45^ ) = 13.3 hr~^ (in 50% ethanol);
CH.CH=CH-CH-CH^J k. (0°) = 58 x 10"^ min~^ .
 ^ 61 ^
Calculations;
Assuming change of solvent from acetone to 50% ethanol 
has the same effect on the solvolysis of 4-chloro-pent-2-ene 
and t-butyl chloride since both reactionsprobably are 
unimolecular solvolysis:
CçHgCl : k., (0°) = 58 X 10“'^ x 13.3 /(21.2 x 10“ )^
= 3.65 X 10”  ^ rain  ^ (in 50^ ethanol),
taking energy of activation for solvolysis, E = 21 kcal, 
then, k.j (45°) = 85 min”  ^ (in 50^ ethanol).
1. CvL. Arcus, J.W. Smith, J.C.S. 1939:1748
2. E.D. Hughes, J.C.S. 1935:255
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Compare with allyl chloride, 
where C^H^Cl ; (45^) = 2.41 x 10^ "^  min~^ (in formic acid),
^I(C.HqCI) 85 7
 ^ 9 = _ _ _ _ _ _ _  = 3.5 X 10'
^l(C^H^Cl) 2.41 X 10'G
log^O ^^1(C^HgCl)/’^ 1(C^H^Cl)  ^ = 7.54
Prom the same straight line graph, ^ a value of 0'p*’= -0.65
could be read for this relative rate.
It could be seen from this that the effect of substituent 
such as methyl group can be roughly treated as additive 
function when only static electronic effects are considered , 
i.e. the value for two methyl groups ( -0.65 ) is about,
twice as that for one methyl group, Of = 2 X ( —0.31 ).
1. P.B.Djie la Mare, J.C.S. I960 : 3823.
